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Abstract 
Abstract 
Strontium titanate (SrTiOs) is a dielectric material of high dielectric constant. 
This makes it an appropriate candidate for high density dynamic random access 
memory (DRAM). Also, it can be used for tunable microwave devices and as a 
substrate or buffer layer for high 7； superconductors or ferroelectric thin films. High 
quality SrTiOs films were fabricated using a novel synthesis route based on inorganic 
precursors and rapid thermal annealing. The prepared solution was spin coated on a 
platinized silicon substrate (Pt/Ti/SiCVSi), and the sample was layer-by-layer 
annealed at different temperatures to grow poly crystalline films. Surface morphology 
and structural properties of the films were studied using atomic force microscopy 
(AFM) and x-ray diffraction (XRD), respectively. Composition of the films was 
analysed by Rutherford backscattering spectrometry (RBS) and x-ray photoelectron 
spectroscopy (XPS), while the thickness was measured by RBS and transmission 
electron microscopy (TEM). Electrical characterization was conducted among the 
samples with metal-insulator-metal (MIM) configuration. Capacitance voltage (C-V) 
measurements were accomplished and the effect of annealing temperature was 
studied. It is found that it is processable to form a crystalline phase in the f i lm at an 
annealing temperature as low as 450°C. The dielectric constant and dissipation factor 
of a 420nm-thick f i lm annealed at 650°C is 180 and 0.004, respectively, at frequency 
of lOOkHz. A dead-layer model has been successfully applied to interpret the 
dependence of dielectric constant on the fi lm thickness. A bulk-like dielectric 
constant has been extracted. Typical leakage current density is found to be in the 
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order of 10" -10 ' A/cm at an applied electric field of lOOkV/cm. The conduction 
mechanism of the leakage current is dominated by the space charge limited current 
(SCLC). Fabrication of Nb-doped SrTiOs films has been attempted by the sol-gel 
technique. Their structural and electrical properties with various Nb dopant 

















和0.004 °我們利用了”失效層”(dead layer)模型成功地解釋了介電常數隨薄膜厚 
度變化的原因0典型的薄膜漏電電流密度在 lOOkV/cm的電場下，大約是 
10-6〜10_7A/cm2的數量級0它的傳導電流機制主要是空間電荷限制電流傳導 
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Chapter 1 Introduction 
CHAPTER 1 INTRODUCTION 
Perovskite-type ABO3 ionic oxides have attracted considerable attention due to 
their dielectric, ferroelectric, semiconducting, conducting, and superconducting 
behaviour. Strontium titanate (SrTiOs or STO) has a cubic perovskite structure with a 
lattice constant asTo of 0.3905 nm at 300K. STO single crystal is one of the most 
popular substrates for achieving high quality films of high temperature 
superconductors (HTSC) [1.1, 1.2]. This is because (1) the crystal structure of STO is 
similar to the modified perovskite structure of a HTSC such as YBasCusO^y; (2) the 
chemical reactivity of STO is relatively low; (3) the thermal expansion coefficients 
are close; and (4) the lattice constant of STO matches well with that of the HTCS. 
Stoichiometric and well-oxidized STO has a relative dielectric constant as high 
as 300 at room temperature，which is much large than YMnO〗，SBT and Si02 (see 
Table 1.1) [1.3, 1.4]. The investigation of thin films for application has attracted great 
attention for very large-scale integrated circuit (VLSI) devices such as dynamic 
random access memories (DRAMs) [1.5, 1.6], This is because the fabrication 
technique becomes extremely complex when film thickness is reduced to secure the 
required capacitance. The dielectric films of high permittivity would obviously allow 
one to grow physically thicker films as compared to SiO〕films for similar 
capacitance. 
Tablel.l Comparison of the dielectric constants of different ferro electrics. 
T ：! ，I 1 1 ； I 
^ Ferroelectrics YMnOj SiO? SBT SrliOs I f 
...• • • - • - ^ ？ 
「 厂 一 
Dielectric constant 20 3.9 I 150 | 300 ' 
- i ^ f 
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The recent development in low voltage tunable dielectric material compatible 
with superconducting technology would allow a new class of high temperature 
superconducting microwave component [1.7]. Since high temperature 
superconducting thin films have demonstrated low surface resistance at microwave 
frequency ranges [1.8], the recent advance of ferroelectric thin films [1.9] has 
increasingly stimulated significant potential for the commercialisation of microwave 
tunable devices. Possible applications of these materials include tunable filters, 
tunable resonant antennas and phase shifter. 
It is also well known that oxygen vacancy [1.10, 1.11] or impurity doping (e.g., 
Nb or La) [1.12, 1.13] changes the electrical conductivity in bulk STO single crystals 
around room temperature. From the viewpoint of conductivity, STO can be changed 
from a insulator to an n-type semiconductor and finally to a metallic conductor. It can 
be expected that oxide electrodes are applicable at high temperatures above 100。。 
and in oxidized atmosphere. In the case of making highly conductive STO films for 
various electronic applications, it becomes very important to control a series of the 
conductivity by the doping technique because doping process is more accurately 
controllable than oxygen deficiency [1.14]. Thus, Nb-doped STO is an attractive 
material and it is extremely important to fabricate well controlled thin films of this 
kind. 
In this thesis, sol-gel technique has been employed to fabricate good quality 
STO and Nb-doped STO thin films. The main advantage of sol-gel technique is the 
ease in fabrication of pure, homogeneous, and stoichiometric ceramic thin films 
which are transparent, crack-free, and usually polycrystalline at relatively low 
temperatures. High temperature processing often makes fatal damage to the 
surrounding device elements, resulting from, e.g., electrode inter-diffijsion and 
dopant deficiency. Thus, low temperature process of dielectric film becomes 
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progressively more important for device applications. But a serious challenge 
encountered in a low temperature process is the formation of a crystallized material 
layer with a high permittivity. However, this problem can partially be solved by a 
newly developed the layer-by-layer annealing technique [1.15]. 
The aims of this thesis are (1) to develop a novel route to synthesize high 
quality STO and Nb doped STO thin films by using the sol-gel technique, and (2) to 
reduce the crystallization temperature and control the orientation of SrTiOs thin films 
by the layer-by-layer annealing method. 
1.1 Sol-gel synthesis 
The sol-gel method has provided a very important pathway for synthesizing 
inorganic oxides. It is a wet chemical method with a multistep process involving both 
chemical and physical processes such as hydrolysis, polymerisation, drying and 
densification. The name "sol-gel" is given to the process because of the distinctive 
viscosity increase that occurs at a particular point in the sequence of steps. A sudden 
increase in viscosity is the common feature in sol-gel processing, indicating the onset 
of gel formation. In the sol-gel process, synthesis of inorganic oxides is achieved 
from inorganic or organometallic precursors (generally metal alkoxides). Most of the 
sol-gel literatures deal with synthesis from alkoxides. 
The important features of the sol-gel method are: better homogeneity compared 
to the traditional ceramic method, high purity, lower processing temperature, more 
uniform phase distribution in multicomponent systems, better size and morphological 
control, the possibility of synthesizing new crystalline and non-crystalline materials, 
and the relatively easy fabrication of thin films and coatings. The sol-gel method is 
widely used in ceramic technology and the subject has been widely reviewed [1.16]. 
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The six major steps in sol-gel synthesis are illustrated as follows: 
(1) Hydrolysis: The process of hydrolysis may start with a mixture of a metal 
alkoxide and water in a solvent (usually alcohol) at the ambient or a slightly elevated 
temperature. Acid or base catalysts are added to speed up the reaction. 
(2) Polymerization: This step involves condensation of adjacent molecules 
wherein H2O and alcohol are eliminated and metal oxide linkages are formed. 
Polymeric networks grow to colloidal dimensions in the liquid (sol) state. 
(3) Gelation: In this step, the polymeric networks link up to form a 
three-dimensional network throughout the liquid. The system becomes somewhat 
rigid, characteristic of a gel, on removing the solvent from the sol. Solvent as well as 
water and alcohol molecules, however, remain inside the pores of the gel. 
Aggregation of smaller polymeric units to the main network progressively continues 
on aging the gel. 
(4) Drying: Here, water and alcohol are removed at moderate temperatures 
(<470K)，leaving a hydroxylated metal oxide with residual organic content. I f the 
objective is to prepare a high surface, e.g., an aerogel powder with low bulk density, 
the solvent is removed supercritically. 
(5) Dehydration: This step is carried out between 670 and 1070K to drive of 
the organic residues and chemically bound water, yielding a glassy metal oxide with 
up to 20-30% microporosity. 
(6) Densification: Temperatures in excess of 1270K are used to form the dense 
oxide product. 
The above-mentioned steps in sol-gel synthesis may or may not be strictly 
followed in practice. Thus, many complex metal oxides are fabricated by a modified 
sol-gel route without actually preparing metal alkoxides. For example, a transition 
metal salt (e.g., cetal nitrate) solution is converted into a gel by adding an appropriate 
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organic reagent (e.g., 2-ethyl-l hexanol). Alumina gels have been prepared by ageing 
sols obtained by the hydrolysis of A1 s-butoxide followed by hydrolysis in hot H2O 
and peptization with HNO3 [1.17]. In the synthesis of oxides containing Ti, Zr and 
such metals, the metal halide (TiCU, ZrCU) is taken with ethyl orthosilicate and an 
organic base (imidazole, pyrolidine, pyrrole, etc.). In the case of cuprate 
superconductors, an equimolar proportion of citric acid is added to a solution of 
metal nitrates, followed by ethylenediamine until the solution attains a pH of 6-6.5. 
The blue sol is concentrated to obtain the gel. The xerogel, obtained by heating at 
〜420K, is then decomposed at an appropriate temperature to get the cuprate. 
Organic-inorganic composites have been prepared by sol-gel route. By 
employing several variants of the basic sol-gel technique, a number of 
multicomponent oxide system have been synthesized. Typical of them are, 
Si02-B203, Si02-Ti02, SiOs-ZrOs, SiOs-AlsOs, and ThOs-UOs. A variety of ternary 
and still more complex oxides such as PbTiOs, PtTii.xZrxOa and NASICON have 
been fabricated by this technique. Different types of cuprate superconductors have 
been synthesized by sol-gel method, which include YbazCusO?, YbasCmOs, 
Bi2CaSr2Cu208 and PbSrsCai-xYxCusOs. Efforts to prepare new alkoxides continue 
and many complex metal alkoxides have been prepared. For example, several metal 
oxoalkoxide clusters have been prepared by Bradley et al. [1.18] 
1.2 Ceramic Structure 
Because ceramics are composed of at least two elements, and often more, their 
crystal structures are generally more complex than those for metals. The atomic 
bonding in these materials change from purely ionic to totally covalent. Many 
ceramics exhibit a combination of these two bonding types, and the degree of ionic 
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character depends on the electro-negativities of the respective atoms (anions). 
1.2.1 Crystal Structure 
For those ceramic materials in which the atomic bonding is predominantly ionic, 
the crystal structures may be regarded as being composed of electrically charged ions 
instead of atoms. The metallic ions, or cations, are positively charged, because they 
have given up their valence electrons to the non-metallic ions, or anions, which are 
negatively charged. Two characteristics of the component ions in crystalline ceramic 
materials affect the crystal structure: the magnitude of the electrical charge on each 
of the component ions, and the relative sizes of the cations and anions. With regard to 
the first characteristic, the crystal must be electrically neutral; that is, all the cation 
positively charged cations must be balanced by an equal number of negatively 
charged anions. The chemical formula of a compound indicates the ratio of cations to 
anions, or the composition that achieves this charge balance. 
j I ,一、、 
/Z 一 、 I 1 
(、少 - ( ^ - ;， :」 - - o 
( T ( ) ( j r 
• T i 4 + 〇 o 2 - 〇 S r 2 + 
Figure 1.1 A unit cell of perovskite crystal structure 
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The second criterion involves the sizes or ionic radii of the cations and anions, 
rc and r^, respectively. Because the metallic elements give up electrons when ionised, 
cations are ordinarily smaller than anions, and consequently, the ratio r j r ^ is less 
than unity. Each cation prefers to have as many nearest-neighbour anions as possible. 
The anions also desire a maximum number of cations in the nearest neighbours. 
1.2.2 m^^ nA^ p - Type Crystal Structure 
It is possible for ceramic compounds to have more than one type of cations; for 
two types of cations (represented by A and B\ their chemical formula may be 
designated as ^ m^rv^p. Strontium titanate (SrTiOs), having both Sr2+ and Ti4+ cations， 
falls into this classification. This material has a perovskite crystal structure and rather 
interesting electromechanical properties, such as ferroelectricity. At temperatures 
above lOOK, the crystal structure is cubic. A unit cell of this structure is shown in Fig. 
2+ 
1.1; Sr ions are situated at all eight corners of the cube and a single Ti4+ is in the 
cube center, with O^' ions located in the center of each of the six faces. 
1.3 Dielectric Behaviour 
A dielectric material is one that is electrically insulating (non-metallic) and 
exhibits or may be made to exhibit an electric dipole structure; that is, there is a 
separation among positive and negative electrically charged entities on a molecular 
or atomic level. As a result of dipole interactions with electric fields, dielectric 
materials show a relatively large dielectric constant, which are mainly exploited in 
capacitors. 
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1.3.1 Capacitance 
When a voltage is applied across a capacitor, one plate becomes positively 
charged, the other negatively charged, with the corresponding electric field directed 
from the positive to the negative. The capacitance C is related to the quantity of 
charge stored on either plate Q by 
C = f (1.1) 
where V is the voltage applied across the capacitor. The units of capacitance are 
coulombs per volt, or farads (F). 
I ^ ^ Vacuum " 
(a) 
十一十一十 一+一 ^ ^ ^ ^ 
\ P Dielectric I f + + + + + 
(b) 
Figure 1.2 A parallel-plate capacitor (a) when a vacuum is present and (b) when a 
dielectric material is present. 
Now, consider a parallel-plate capacitor with a vacuum in the region between 
the plates (Fig. 1.2(a)). The capacitance may be computed from the relationship 
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广 A 
C 二 (1.2) 
where A represents the area of the plates and I is the distance between them. The 
parameter e。，called the permittivity of vacuum, is a universal constant having the 
value of8.85xlO"^^F/m. 
I f a dielectric material is inserted into the region within the plates (Fig. 1.2(b)), 
then 
「 A 
C = s了 （1.3) 
where e is the permittivity of this dielectric medium, which wi l l be greater in 
magnitude than e。• The relative permittivity e r, often called the dielectric constant, 
is equal to the ratio 
= — (1.4) 
which is greater than unity and represents the increase in charge storing capacity by 
inserting the dielectric medium between the plates. The dielectric constant is one 
material property that is of prime consideration for capacitor design. 
1.3.2 Frequency Dependence of Dielectric Constant 
In many practical situations the current is alternating (ac); that is, an applied 
voltage or electric field changes direction with time. Now, consider a dielectric 
material that is subject to polarization by an ac electric field. With each direction 
reversal, the dipoles attempt to reorient with the field, as illustrated in Fig. 1.3, a 
process requiring some finite time. For each polarization type, some minimum 
reorientation time exists, which depends on the ease with which the particular dipoles 
are capable of realignment. A relaxation frequency is taken as the reciprocal of this 
minimum reorientation time. 
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(a) (b) 
Figurel.3 Dipole orientations for (a) one polarity of an alternating electric field and 
(b) for the reversed polarity. 
g Orientation \ 
8 \ o \ 
卜 ― — A — — A 
Q I onic \ 
— 十 一 V \ 
Electronic \ 
u l j _ _ I _ I _ I _ I _ I _ _ I _ I _ I _ I _ I I 
Frequency (Hz) 
Figure 1.4 Variation of dielectric constant with frequency of an alternating electric 
field. Electronic, ionic, and orientation polarization contributions to the dielectric 
constant are indicated. 
A dipole cannot keep alternating its direction when the frequency of the applied 
electric field exceeds its relaxation frequency, and therefore, will not make a 
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contribution to the dielectric constant. The dependence o f 。 o n the field frequency is 
represented schematically in Fig. 1.4 for a dielectric medium that exhibits all three 
types of polarization (orientation, ionic and electronic polarization). As indicated in 
Fig. 1.4, when a polarization mechanism ceases to function, there is an abrupt drop in 
the dielectric constant; otherwise, is virtually frequency independent. 
The absorption of electrical energy by a dielectric material that placed in an 
alternating electric field is termed dielectric loss. This loss may be important for 
electric field frequencies in the vicinity of the relaxation frequency for each of the 
operative dipole types of a specific material. A low dielectric loss is desired at the 
frequency in use. 
1.3.3 Dielectric Losses 
In discussion of the loss in a dielectric when it is placed in an alternating field, 
we shall first consider the case in which the permittivity of the dielectric may be 
represented by its static value, that is, the frequency of the applied field is sufficiently 
low to permit the permanent and/or induced dipoles to follow the field variations 
without any measurable lag. It wil l be assumed that the dielectric is ideal or perfect 
in the sense that its ohmic conductivity is zero. The dielectric does not absorb any 
energy from the field. 
We shall next consider the case in which the frequency of the alternating field is 
sufficiently high for the polarization to be frequency dependent. This frequency 
dependency leads to a complex permittivity 
(1.5) 
The relationship between the dielectric displacement density and the sinusoidally 
varying field strength is given by 
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D = SoSrE = SoSrEo coscot = ^^[s^s^E^e''"'] (1.6) 
and the corresponding displacement current density is described by 
^d = "RQis.sJwE^e'^ }= -s^SrwE^^m wt + sXcoE^zo^cot (1.7) 
Equation 1.7 shows that the displacement current now consists o f two parts. The first 
part does not lead to any energy absorption. The second part, which is associated 
with is in phase with the applied field, and the corresponding energy density is 
given by 
" = 2 (1.8) 
This energy appears as heat in the dielectric. Equation 1.8 shows that the energy 
density absorbed by the dielectric is proportional to^^and frequency. This leads to 
the absorption characteristic or spectrum of the dielectric. In practice, it is found 
convenient to specify the absorption losses in a dielectric (at a given frequency and 
temperature) by the loss tangent 
J a —: 一 S) 
where sinS = s " c o s 5 = £[ 
and the loss tangent 
= ^ (19) 
8 is the angle between the total displacement current Jd and its lossless component. 
A knowledge of the dielectric loss of dielectric materials used for insulation 
or in the manufacture of condensers is of primary importance in high-frequency 
electrical engineering issues. Excessive losses wi l l not only reduce circuit efficiency 
but wi l l cause undesirable heating which may lead to electrical or mechanical failure 
of the dielectric. 
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1.3.4 Breakdown of Solid Dielectics 
When the voltage across a solid dielectric specimen is increased steadily, a point 
wi l l be reached at which the dielectric completely loses its insulating properties and 
burns out; this normally referred to as electrical failure or breakdown and the voltage 
at which such breakdown occurs divided by the specimen thickness is termed the 
dielectric strength. 
There are three principal mechanisms of dielectric breakdown: (i) electronic or 
intrinsic breakdown, (ii) thermal breakdown, and (ii i) breakdown by gas discharges. 
1.4 Ferroelectricity and Piezoelectricity 
1.4.1 Ferroelectricity 
In ordinary dielectric materials the relationship between electric field and 
induced polarization is linear and the polarization vanishes when the field is removed. 
In certain dielectric materials, however, the relation of polarization versus field is far 
from linear and shows typically a hysteresis loop similar to the B-H loops obtained in 
ferromagnetic materials. A typical behaviour is shown in Fig. 1.5 which 
schematically illustrates the P-E hysteresis loop of a ferroelectric specimen. Starting 
with the virgin specimen the polarization at first increases nonlinearly with 
increasing field magnitude (along curve OA) and then linearly (AB). When the field 
is reduced the polarization decreases at a slower rate than that of the initial increase 
and for zero field a finite amount of polarization 八 is still present. This is known as 
the remanent polarization. A field E。, known as the coercive field, is now required to 
reduce the polarization again to zero. For higher negative fields the polarization 
reverses and follows curve DF. A decrease in field back to zero leaves the 
polarization at -Pr and the cycle can be completed by reversing the field direction 
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once again. 
The extrapolation of the linear part (AB) of the hysteresis loop to zero field 
gives the spontaneous polarization P^. For ideal single domain crystal specimens, Ps 
and Pr are equal. In general, any specimen which exhibits hysteresis effects is said to 
be spontaneously polarized, that is, it is polarized in the absence of an external field. 
The hysteresis loop can be explained by means of the domain structure of 
ferroelectrics. A ferroelectric material (which could be a single crystal or a ceramic 
specimen) is divided up into a number of regions or domains，each of which is 
homogeneously polarized in a direction which differs from one domain to another in 
such a manner that the polarization wi l l be zero for the material as a whole. This 
division indicates that the free energy of a state with multiple domains is lower than 
the free energy of a single domain state. 
“ ” 
A B _Pr 
t f ^ f r 
_1 / 
(a) 卜 (b) 
Figure 1.5 Hysteresis loops in ferroelectric specimens, (a) multi-crystalline sample 
(b) single domain crystal. 
When an external field is applied, the domains whose components of 
polarization in the direction of the field are greatly enlarged at the expense of less 
favourably oriented domains Also, domains oriented in the direction opposite to the 
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field wi l l show a tendency to reverse their orientation. At a high field strength the 
specimen may form a single domain and any increase in polarization with increasing 
field wi l l arise from the normal polarization mechanisms, so that the P-E relationship 
is linear (AB in Fig. 1.5(a)). When the applied field is removed a large portion (八）of 
the oriented domain polarization remains. Its magnitude could be smaller than the 
true spontaneous polarization P^ since there wi l l be a tendency for some domains to 
reassume their original orientations. A ideal single domain crystal is characterized by 
an almost rectangular hysteresis loop (Fig. 1.5(b)). However, for a multi-domain 
crystal or a polycrystalline ceramic specimen the different domains wi l l reverse their 
polarization at different field strength so that the corners of the loop wil l be rounded. 
Strontium titanate is a ferroelectric material. The spontaneous polarization is a 
consequence of the positioning of Sr^^, ！！斗+，and O "^ ions within the unit cell, as 
represented in Fig. 1.6. The Sr^^ ions are located at the corners of the unit cell, which 
is of tetragonal symmetry (a cube that has been elongated slightly in one direction). 
The dipole moment results from the relative displacements of the O^' and Ti4+ ions 
from their symmetric positions as shown in the side view of the unit cell. The O^' 
ions are located near, but slightly below, the centers of each of the six faces, whereas 
the Ti4+ ion is displaced upward from the unit cell center. Thus, a permanent ionic 
dipole moment is associated with each unit cell. However, when strontium titanate is 
heated above its ferroelectric Curie temperature (lOOK), the unit cell becomes cubic, 
and all ions assume their symmetric positions within the cubic unit cell; the material 
now has a perovskite crystal structure, and the ferroelectric behaviour disappears. 
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Figure 1.6 A strontium titanate in an isometric projection. 
1.4.2 Piezoelectricity 
Piezoelectricity is an effect which can only be observed in certain materials, 
either single crystals or polycrystalline ceramics and films. In its simplest possible 
manifestation, a voltage appears along one axis of a crystal when a mechanical stress 
(tension or compression) is applied to another axis. When a dielectric is placed in an 
electric field, it becomes polarized. The polarization is the result of the rotation of 
permanent dipoles and of the displacement of charges from their equilibrium 
positions giving rise to induced dipole moments. Such a charge displacement very 
slightly changes the mechanical dimensions of the dielectric by elongating it in the 
direction of the applied field. This effect is known as electrostriction. The expansion 
varies with the square of the field strength and is therefore the same whether the field 
is positive or negative. The application of a mechanical stress to a material simply 
displaces each atom as a whole without discerning its charges and cannot therefore 
induce dipole moments. This means that the electrostrictive effect has no converse. 
The application of a mechanical stress to piezoelectric crystals polarizes them and 
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the resultant polarization is proportional to the stress. This is known as the direct 
effect. Al l piezoelectric crystals show a converse effect whereby they become 
mechanically strained when an electric field is applied and the strain is proportional 
to the polarizing field and its direction reverses i f the field direction is reversed. This 
distinguishes it from the phenomenon of electrostriction which results from a 
quadratic dependence of strain on field. Electrostriction is a property that occurs in 
all materials, including gases and liquids. 
The polarization of a crystal by means of a mechanical deformation must be 
associated with the presence of permanent dipole moments arranged within the 
crystal without a center of symmetry since the presence of such a center would 
cancel out all possible polarizations. In face, the lack of a center of symmetry in a 
crystal structure is a sufficient criterion for the presence of a piezoelectric effect. 
1.5 Metal-Insulator-Metal system 
When electrodes are applied to the insulator, the underling principle in 
determining the height of the potential barrier and the shape of the bottom of the 
insulator conduction band is that the vacuum and Fermi levels of the electrode and 
insulator are continuous across the interface. Actually, now we do not distinguish the 
electrode and insulator Fermi level; they are one and the same level: the system 
Fermi level, EFS. The continuity of the vacuum levels determines the height of the 
interfacial barrier (see Fig. 1.7): 
^o = -X (1.10) 
where is the metal work function and / is the insulator affinity. 
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Figure 1.7 Energy diagrams of metal-insulator-metal systems having (a) and (b) 
ohmic contact; (c) and (d) blocking contact; (e), (f) and (g) neutral contact. 
Normally, before the electrodes are applied, (where % is the original 
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work function of the insulator). Thus, when the electrodes are initially applied, 
charge is exchanged between the electrode and insulator so that the change in 
position of the insulator Fermi level (resulting from the change in occupancy of the 
electron traps in the insulator) reduces the energy difference between the electrode 
and insulator Fermi levels. The charge exchange ceases when the two Fermi levels 
coalesce to form the discrete monoenergetic system Fermi level as shown in Fig. 1.7. 
The types of the contact present at a metal-insulator interface fall into three 
categories: (1) ohmic contact, (2) blocking contact (Schottky Barrier), and (3) neutral 
contact. 
1.5.1 Ohmic Contact 
In order to achieve an ohmic contact at a metal-insulator interface it is necessary 
that the electrode work fiinction, Wm, should be smaller than the insulator work 
function 少“ as shown in Fig. 1.7(a). Under this condition, in order to satisfy the 
thermal equilibrium requirements, electrons are injected from the electrode into the 
conduction band of the insulator, thus giving rise to a space charge region, and hence 
a space-charge-induced field in the insulator. The field causes the bottom of the 
conduction band to curve upwards away from the interface. The width of the space 
charge region K is the distance from the electrode-insulator interface required for the 
bottom of the conduction band to rise an energy % - x above the system Fermi level. 
This space-charge region is termed the accumulation region. The width of the 
accumulation region, Xa, when only a discrete shallow trapping level is present in the 
insulator, is given by 
, n ( IkT y (E^-E^A , 
义 厂 认 J e x p ^ ^ V ^ J O . n ) 
where 8o is the permittivity of free space, is dielectric constant of the insulator and 
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五ts and E n are respectively the energies of the deep trap level and Fermi level [1.19. 
The ohmic contact, which acts as a reservoir of charge, is capable of supplying 
electrons to the insulator, as secured by bias conditions. Thus, with this kind o f 
contacts, the conduction process through the system is limited by the rate at which 
the electrons can flow through the bulk of the insulator, rather than the rate at which 
they are supplied by the electrode; hence, the conduction process is bulk limited. 
1.5.2 Blocking Contact (Schottky Barrier) 
A blocking contact occurs when W m〉％ and in this case electrons flow from the 
insulator into the metal to establish thermal-equilibrium conditions. A space-charge 
region of positive charge, the depletion region, is thus created in the insulator, and an 
equal negative charge resides on the metal electrode. As a result of the electrostatic 
interaction between the oppositely charged regions, a local field exists within the 
surface of the insulator. This causes the bottom of the insulator conduction band 
within the bulk of the insulator to bend downwards until it lies an energy (Wi - x) 
above the system Fermi level 
1.5.3 Neutral Contact 
When Wm the vacuum and Fermi levels of the insulator and electrode line up 
naturally without the necessity of charge transfer between the electrode and insulator. 
Because of the absence of space charge inside the insulator, the conduction band is 
flat right up to the interface; that is, no band bending is present, as shown in Fig. 
1.7(f). This contact is know as a neutral contact and represents the transitional stage 
between the ohmic and blocking contacts. This type of contacts also pervails i f Wm 
and the trap level is positioned more than about leV above the system Fermi 
level. In this case, for practical trap densities, the amount of space charge contained 
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in the traps is too small to give rise to significant band bending. For initial voltage 
bias，the cathode is capable of supplying sufficient current to balance that flowing in 
the insulator, and, since the field in the insulator is constant, the conduction process 
is ohmic. There is, however, a limit to the current that the cathode can supply, and 
this is the saturated thermionic current over the barrier. When this limit is reached, 
the conduction process ceases to be ohmic and becomes electrode limited. When the 
insulator has dissimilar electrodes connected to its surfaces, it is clear that the 
interfacial potential barriers differ in energy by an amount of 
(Jm2-X) - {^ml -X) = -Wmd (1.12) 
as depicted in Fig. 1.7(g). I f the traps are positioned sufficiently high above the 
system Fermi level so that there is negligible charge trapped in the insulator to cause 
significant band bending, a uniform intrinsic field of strength {Wm2 -^mi)let exists 
within the insulator. The origin i f this intrinsic field is a consequence of charge 
transfer between the electrodes. The electrode of lower work function, electrode 1, 
transfers electrons to electrode 2, so that a positive surface charge appears on 
electrode 1 and a negative surface charge on electrode 2. The amount of charge Q 
transferred between the electrodes (the surface charge on the electrodes) is: 
y - - (1.13) 
where ^  is the electrode area and t is the thickness of the insulator. 
1.6 Space charge limited currents 
1.6.1 Theory 
I f the electrodes make ohmic contacts to the insulator, as depicted in the energy 
diagram of Fig. 1.8(a), the conduction process is space-charge limited (SCL). It is 
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recalled that in order to form the ohmic contact shown in Fig. 1.8(a), a negative 
space-charge region appears inside the surfaces of the insulator, and an equal and 
opposite (positive) surface charge occurs on the electrodes. The application of a 
voltage bias to the results in an increase and redistribution of the space charge in the 
insulator, and an increase and a decrease respectively in the positive surface charge 
present on the cathode and the anode (see Fig. 1.8(b)). 
Cathode Anode 
region region 
< ~ X > 
、，4 — 工 — _ x T Z 
二 二 二 一 「 e V 
_ _ 」L 
(a) (b) 
Figure 1.8 Insulator containing ohmic contacts (a) under zero bias (b) with a bias 
voltage. 
The positive charge on the cathode is just equal to the negative space charge 
existing in the cathode region, that is the region between the cathode-insulator 
interface and the virtual cathode (the plane at which the field in the cathode is zero). 
Similarly, the positive charge on the anode is just equal to the space charge existing 
throughout the anode region (that is the region between the virtual cathode and the 
anode-insulator interface). The free component of the space charge present in the 
insulator contributes the conduction current. Hence it terms space charge limited 
current. 
The cathode region can be considered to be a charge reservoir, that supplies 
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charge to the anode region as demanded by voltage bias condition. Thus, provided 
that the cathode region exists, that is the positive charge is present on the cathode, the 
conduction process wi l l be SCL [1.19]. For trap-free insulators we have the 
following relationship: 一 
" ( 警 ) 厂 2 (1.14) 
When the insulator contains traps, a large fraction of the injected space-charge fall in 
the traps. Thus, only a fraction of the charge drawn into the insulator by the applied 
voltage is available to contribute the conduction current, whereas in a trap-free 
insulator all the space charge is available to participate in the conduction process. 
The ratio G of free charge to trapped charge in an insulator containing shallow traps 
is given by 
<9 二 i e x p ( — — ( I 15) 
Nt kT , 、•… 
where Nt is the trap density Nc is the free charge density and Et is the depth of the 
trap below the bottom of the conduction band [1.19], To incorporate the effect of 
shallow traps into the theory, it is wisely intuitive to multiply the right side of 
Equation (1.14) hy 6 : 
h ( 字 F 2 0,6) 
It is clear that since 6 is independent of F, J y^ the same as in the trap-free case. 
Also, it is obviously seen that (9 is a very small quantity and dependent on 
temperature. Thus the inclusion of shallow traps in the insulator brings the theory 
into line with the experimental observation. 
Only when the injected free-carrier density, n^ exceeds the volume-generated 
free-carrier density, rio, wil l space-charge effects be observed. However, when n。〉rit 
the volume (ohmic) conductivity wi l l be predominant. 
The voltage. Fx, at which the transition from the Ohmic to SCL conduction 
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occurs, is described by 
V乂 = en细 SrS (1.18) 
When sufficient charge is injected into the insulator, the number of traps wi l l be 
saturated (trap-filled limit, TFL). Thus, any additional charge injected into the 
insulator behaves as free charge in the conduction band and contributes to the current. 
So, beyond the TFL, the insulator behaves as i f it were trap-free with the result that 
the J-V characteristic is given by Equation 1.14 rather than Equation 1.16. Hence as 
厂 just exceeds FTFL, the current rises rapidly by an amount of The voltage at 
which the TFL occurs is given by 
VTFL = eN//2 (1.19) 










Figure 1.9 Space charge limit J-V characteristic for an insulator containing shallow 
traps. 
In Fig. 1.9, schematically illustrated is a typical J-V characteristic for an 
insulator having shallow discrete trapping levels. At a lower voltages (F<Fx), when 
the bulk-generated current exceeds the SCL current, the characteristic is Ohmic. In 
the voltage rang of Vx<V<Vjyu the SCL current predominates and J is proportional to 
厂2. When V=Vtyu sufficient charge has been injected into the insulator just to fi l l the 
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traps. Hence, as 厂 just exceeds FTFL, the current rises rapidly so that for P>Vtfl the 
J-V characteristic obeys the trap-free relationship, Equation 1.14. Clearly, from the 
features displayed in the J-厂 characteristic, much information about traps resided in 
the insulator can be deduced. 
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CHAPTER 2 SAMPLE PREPARATION AND 
CHARACTERISATION METHODS 
2.1 Preparation of Precursor Solution by a New Chemical Route 
Generally, precursor solution for SrTiOs thin films was fabricated using organic 
source such as strontium acetate and titanium tetrabutoxide. Acetic acid and 
2-methyoxyethanol were selected as solvent [2.1]. However, the hydrolysis reactions 
related to the organic source is very complicated. And both acetic acid and 
2-methyoxyethanol are flammable and toxic. Using a new chemical route can 
overcome the above problems. Moreover, it can also reduce the crystallization 
temperature by the layer-by-layer annealing technique. 
Fig 2.1 shows a flow chart for preparing precursor solution of SrTiOs thin films 
through a new chemical route, which was proposed by Dr GD. Hu. STO thin films 
were fabricated by exploiting titanium (IV) N-butoxide (Ci6H3604Ti) and strontium 
nitrate (Sr(N03)2) as precursors. Ethanol and water were selected as solvents. 
Titanium (IV) N-butoxide (2ml) were initially added into ethanol (15ml) and 
2,4-pentanedione (2ml). The function of 2,4-pentanedione (C5H8O2) was to control 
the hydrolysis rate of titanium (IV) N-butoxide. After three hours stirring, water 
(10ml) was added and the mixture was kept on stirring for one more hour. Strontium 
nitrate (1.232g), which was dissolved in water (15ml), was added to this mixture. 
Subsequently, Ig of polyethanolglycol (PEG) and ethanol (5ml) were added to form 
a stable transparent solution. The function of PEG is to adjust the solution's viscosity, 
which plays an important role for controlling the adhesion of the soltion on the 
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substrate and the residual stress in the synthesized film. Excessive amount of PEG 
wi l l lead to cracking the fi lm due to residual stress in the film, wheares insufficient 
amount of PEG wi l l result in poor adhesion of the wet layer on the substrate surface. 
The appropriate amount of PEG should make the viscosity of the solution in the 
range 5 to 10 counts per second (cps). On the other hand, the pH value must be in the 
range of 4 to 6 in order to prevent the deposited layer from being etched by the 
forthcoming wet layer. Undesired particles were removed from the solution by 
filtering through 0.2/ /m funnel filters. 
However, this route has to be slightly modified, since the concentration of this 
solution is limited to 0.005M. This limitation is due to the crack formation just after 
spin coating. Fig. 2.2 shows a flow chart of the modified route. The modified one can 
increase the concentration of the solution to 0.06M and the electrical properties of 
the fabricated films are also improved, for example, dielectric constant. Basically, all 
precursors and solvents of the two routes are the same. The main difference is the 
way to control the hydrolysis process. (This means the amount of water to be added 
into the solution and the duration of the reaction to complete.) In the modified 
route, titanium (IV) N-butoxide (2ml) was initially added into ethanol (15ml) and 
2,4-pentanedione(l.2ml). After three hours stirring, strontium nitrate, which was 
initially dissolved in a small amount of water (10ml), was added to this mixture. In 
order to make sure the hydrolysis process is slow and fully complete, not more than 
10ml water should be used to dissolve the strontium nitrate and the solution should 
be stirred at least for 24 hours. Finally, water and ethanol were added to obtain a 
desirable concentration. 
2 8 
Chapter 2 Sample Preparation and Characterisation Methods 
f N / N 
Titanium (IV) N-butoxide Strontium nitrate 
Ti(OC4H9)4 (2ml) Sr(N03)2 (1.232g) 
^ / V I _ J 
y ^ 
Dissolve in ethanol (15ml) and Dissolve in water (15ml) 
2,4-Pentanedione (2ml) 
y 
Stir for 3 hours / > 
Polyethanolglycol 
^ I ( Ig) 
Add water (10ml) ^ ^ 
Y 
Stir for 1 hour Dissolve in ethanol (5ml) 
Mix at 20。C 
Y 
Stir for Ihour 
Y 
Stable SrTiOs solution 
^ -J 
Figure 2.1 Flow chart for preparing SrTiCb precursor solution. 
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/ ^ ( 
Titanium (IV) N-butoxide Strontium nitrate 
Ti(OC4H9)4 (2ml) Sr(N03)2 (1.232g) 
^ V I „ y 
y 
Dissolve in ethanol (15ml) and Dissolve in water (10ml) 
2,4-Pentanedione (1.2ml) 
y 
Stir for 3 hours 
X 
Mix at 2(fC 
y 
Stir for 24 hours 
Y 
Add water (35ml) and ethanol (35ml) 
y 
Stir f o r i hour 
y 
f 、 
Stable SrTiOs solution 
( J 
Figure 2.2 Flow chart of the modified route for preparing SrTiOs precursor solution. 
2.2 Preparation of Precursor Solution for SrTi(i.^ )Nb^03 Thin Films 
Precursor solution of SrTi(i.x)Nbx03 were synthesized using titanium (IV) 
N-butoxide (CisHssCUTi), niobium (V) ethoxide (CioH25Nb05) and strontium nitrate 
(Sr(N03)2) as precursors. Ethanol and water were selected as solvents. Fig 2.3 shows 
a flow chart of the preparation process for SrTi(i_x)Nbx03 precursor solution. First, 
titanium (IV) N-butoxide and niobium (V) ethoxide were initially added into ethanol 
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and 2,4-pentanedione (C5H8O2), respectively. After three hours stirring, the two 
solutions were mixed together with a selected stoichiometric ratio (x 二 0，0.25, 0.5, 
0.75 and 1). Strontium nitrate, separately dissolved in water, was added to this 
mixture and the newly prepared mixture was kept on stirring for at least 24 hours. 
Finally, water and ethanol was added to obtain a desirable concentration. 
/ ^ f 
Titanium (IV) N-butoxide Niobium (V) ethoxide 
、Ti (OC4H9)4 (1-x mol%) j [ CioH25Nb05 (x mol%) ^ 
Y 
Dissolve in ethanol (15ml) and Dissolve in ethanol (15ml) and 
2,4-Pentanedione (2 x (1 - x mol%)) 2,4-Pentanedione (3 x jc mol%) 
Y 
Stir for 3 hours Stir for 3 hours 
^ ( ^ 
Strontium nitrate 
Mix at 20。C with a chosen Sr(N03)2 (1.232g) 
stoichiometric ratio 
1 ‘ 
Dissolve in water (10ml) 
Mix at 20^C 
Y 
Stir for 24 hours 
Y 
Add water (35ml) and ethanol (35ml) 
y 
Stir for Ihour 
Y 
r “ V 
Stable SrTi(i..v)Nb(.x-)03 solution 
Figure 2.3 Flow chart for synthesizing SrTi(i…NbxCb precursor solution. 
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2.3 Sample Preparation 
2.3.1 Conventional Annealing Scheme 
^ ^ Solution for coating ^ 
Y 
Spin coating at SOOOrpm for 40s 
Y 
Dry at 150°C for lOmin 
Y 
Repeat for n times ； Repeat for n times 
(Conventional) ^ (layer by layer) 
个 小 
Y 
Preheating at 350。C for 30min 
Y 
^ “ • N 
^ Amorphous Sr-Ti-O 
V J 
Y 
Annealing at 450°C — 650°C in a 




Thin films \ y 
Figure 2.4 Flow chart for preparing of SrTiCb thin films by exploiting a 
conventional annealing method and layer-by-layer annealing method. 
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The precursor solution was directly deposited onto various substrates such as 
platinized silicon (Pt/Ti/SiCVSi), bare silicon and silicon dioxide substrates by spin 
coating at 4000rpm for 40s. The thickness of each layer is controlled by speed and 
rotation time of the spinner. For gelation, the film was kept in air at ISCTC for 10 
minutes. Then the fi lm was preheated at 350。C in a conventional furnace for 30 
minutes in an O2 atmosphere to remove all the volatile species. In order to increase 
the fi lm thickness, the above mentioned procedure was iterated for several times. 
After a desired f i lm thickness was obtained, the fi lm was annealed for crystallization 
at temperatures ranging from 450X to 750°C for an hour in a conventional annealing 
furnace in an O2 atmosphere. This is the so-called conventional annealing scheme 
(see Fig 2.4). 
2.3.2 Modified Layer-by-layer annealing Scheme 
The annealing temperature of oxide thin films is possibly decreased by 
exploiting a seeding layer before the forth coming wet layer to be coated [2.2]. Based 
on this principle，we propose a modified annealing process, i.e., the desired film is 
layer-by-layer annealed by applying a rapid thermal annealing (RTA) furnace in an 
O2 atmosphere for 2 minutes during deposition (see Fig. 2.4). The wet layers were 
coated onto various substrates by using a photoresist spinner operated at 4000rpm for 
40s. Platinized silicon, bare silicon and SiOi/Si substrates were used in the study. 
After coating the films were dried on a hot plate at ISO '^C in air for 10 minutes to 
form gel and then preheated at 350。C in a conventional furnace for 30 minutes in an 
O2 atmosphere to remove all the volatile species. Usually, the flow rate of O2 flux 
was kept at 8 liter per minute. Finally, the films were annealed in a rapid thermal 
annealing furnace (RTA) at temperatures ranging from 450°C to 650。C in an O2 
atmosphere for two minutes. Normally, in order to obtain a desired thickness, the 
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above procedures were repeated for several times. 
2.4 Chemistry of the Sol-gel Process 
2.4.1 Chemical reaction 
The chemical reactions during solution formation and fi lm preparation have a 
decisive influence on the properties of the resultant film. A sol is a suspension or 
dispersion of discrete colloidal particles (1-100 nm) in a solution, whereas a gel is a 
quasi-solid, which has an internal network structure with inter-dispersed solid and 
fluid components. The gels' structure is significantly affected by the PH values, the 
additives, the amount of water added, and the hydrolysis conditions. Ideally the 
condensed species contained in sol-gel precursor solutions should have an 
alternating arrangement of the constituent cations, and this chemical homogeneity 
should be retained through to the final ceramic. 
The main chemical reactions taking place of SrTiCb sol preparation are as 
follows: 
Ti(OC4H9)4 + 2C5H8O2 Ti(0C4H9)2(C5H702)2 + (HOC4H9)2 (Rl ) 
Ti(0C4H9)2(C5H702)2 + 2H2O Ti(0H)2(C5H702)2 + 2(HOC4H9) (R2) 
2Ti(0H)2(C5H702)2 + 2Sr(N03)2 + 3H2O - > 
Ti(C5H802)2 - o - Ti(C5H802)2 + 4(HN03) (R3) 
Sr(0H)2 Sr(0H)2 
3 4 
Chapter 2 Sample Preparation and Characterisation Methods 
广 Ti(C5H802)-O heat 
X I > 、Sr(OH) _ 
Evaporate 
A A A 
- T i - O - T i - O - T i - + x(HN03) + XH2O + x(C5H802) 
Sr Sr Sr 
I I m 
- T i - O - T i - O - T i - 0 -
Generally, sol-gel process involves a serious of chemical reactions. Hydrolysis 
and polycondensation are always the most important reactions for solution 
preparation. To obtain oxide layer of smooth surface and good electrical properties, 
hydrolysis and polycondensation must proceed slowly and simultaneously. As 
mentioned before, 2,4-pentanedione (C5H8O2) is used to control the hydrolysis rate 
of titanium (IV) N-butoxide in chemical reaction (Rl). C5H8O2 wil l react with 
Ti(OC4H9)4 to form a stable complex (see Fig. 2.5) 
OR / C H 3 
Ti 严 
H 3 C Z OR ^ C H 3 
Figure 2.5 A stable complex of C5H8O2 and Ti(OC4H9)4. 
This complex can prevent Ti(OC4H9)4 from hydrolysing so fast with water to 
3 5 
Chapter 2 Sample Preparation and Characterisation Methods 
form precipitate. We should be aware of that the mole ratio of Ti(OC4H9)4 to C5H8O2 
should not be more than 1 to 2. This is because Ti(OC4H9)4 cannot be hydrolysed i f 
so much C5H8O2 is added. Chemical reaction (R2) describes the process of 
hydrolysis and polycondensation. I f the ratio of Ti(OC4H9)4 to C5H8O2 is controlled 
well (i.e., 1 to 2) the hydrolysis and polycondensation reaction wi l l proceed slowly 
and simultaneously. After the hydrolysis and polycondensation reactions are 
completed (about 3 hours under stirring), Sr(N03)2 can be mixed with hydrolysed 
Ti(OC4H9)4. Its chemical reaction is expressed by chemical reaction equation (R3). 
The most optimum structure of the precursor sol for STO film deposition is a long 
chain. Configuration as depicted in Fig. 2.6 
〇H O H O H O H O H 
— T i — 〇 一 T i — 〇 一 T i — — 〇 一 T i — 〇 一 T i — — 〇 一 
Sr Sr Sr Sr Sr 
O H O H O H O H O H 
Figure 2.6 Optimum structure of precursor sol for film deposition. 
When the precursor sol is deposited on the substrate and heated up to result in 
gelation, all the undesired chemical species wil l evaporate. And an amorphous film 
will appear on the substrate, (see chemical reaction (R4). 
2.4.2 Chemical composition 
Samuneva et al. [2.3] studied gel-formation of TiO〗 and outlined the area of 
compositions appropriate for forming thin layers in Ti(0C(CH3))4-C2H50H-H20 
system. But no data are available in the literature referring to film-coating region 
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selection in the Ti(0C4H9)4-Sr(N03)2-C2H50H-H20 system. Part of my research is to 
define the film-coating region in this specific system. Fig. 2.7 shows a summary of 
the experimental results obtained form SrTiOs precursor solution during the solution 
preparation and film coating process. Region A is characterized by a liquid separation, 
and the precipitation takes place at a very high speed. Here hydrolysis products 
(titanate hydroxides) rapidly spoil the homogeneity, transparency and stability of the 
solution. Region B is classified by a poor wetability of the sol on the substrate. This 
is because the surface tension of the sol increases with the water composition. 
Region C is distinguished by the crack formation of the film just after spin coating. 
To remain the SrTiOs precursor solution stable for a long period of time, it is highly 
recommended that the solution composition be made up in region D. 
T i C 0 C 4 H ^ ) 4 + S r C N 0 3 ) 2 
2 0 % / 。 O Test points 
D 40% y A _ \ 6 0 % 
\ V ^ — — ^ 4 0 % 
C 2 H 5 O H L ^ … a J n A _ V A 广丨 
20% 40% 60% 80% 
Figure 2.7 Composition diagram of the Ti(0C4H9)4-Sr(N03)2-C2H50H-H20 system; 
region A is the immiscible region; region B is the poor adhesion region; region C is 
the cracking region; region D (shaded area) is the film-coating region. 
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2.5 Rutherford Backscattering Spectrometry (RBS) 
Rutherford backscattering spectrometry (RBS) is used to study the 
stoichiometry and thickness o f STO thin films. The basic principle is based on 
classical scattering in a central-force field with the assumptions as follows: (1) 
classical dynamics is applied; (2) only two-atom collisions are considered; (3) one of 
the two colliding atoms is initially at rest; (4) excitation or ionisation of electrons is 
only accounted for a source of energy loss. A detailed discussion can be found in the 
classic book “Backscattering Spectrometry” by Chu et al [2.4]. 
\ Ec Eb EA 
i t n 
^ WB 
HA 
J s — L 
WB WA 
‘ 1 ‘ 1 ‘ 1 1 1 
0 200 400 600 800 
Channel number 
Figure 2.8 Backscattering spectrum for the three-element compound {Ar^ JB^ X： )^ f i lm 
of uniform composition on silicon substrate by RBS. 
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In a normal RBS, light and high monoenergetic ions, typically He ions at 2 MeV, 
inident on a solid wi l l occasionally undergo an elastic collision with one of the target 
atoms. By collecting and measuring the flux and energy of these backscattered ions, 
the chemical composition as a function of depth below the sample surface can be 
ascertained [2.5". 
Fig. 2.8 shows a typical backscattering spectrum by RBS. Ea, Eb and Ec 
are the rising edge of three different elements, respectively. Atomic species of the 
sample can be identified by them. By examining the relative height of the peak Ha, 
Hb and He, the chemical composition of the sample can be determined. The 
thickness of the f i lm can be ascertained by calculating the widths of the peaks WA, 
WB and Wc, respectively. 
2.6 X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is a powerful non-destructive technique for 
characterizing solid materials. It provides information on structures, phases, 
preferential crystal orientations (texture) and other structural parameters such as 
average grain size, cry stall inity, strain and crystal defects. X-ray diffraction peaks are 
produced by constructive interference of monochromatic beam scattered from each 
set of lattice planes with specific angles. The peak intensities are determined by the 
atomic decoration within the lattice planes. Consequently, the x-ray diffraction 
pattern is the fingerprint of periodic atomic arrangements in an assigned material 
[2.6]. An on-line search of a standard database for x-ray powder diffraction pattern 
enables us a quick phase identification for a large variety of cry stalline samples. 
General each powder particle (or grain) is a single crystal. When a powdered or 
polycrystalline specimen composed of many fine and randomly oriented grains is 
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exposed to a monochromatic x-ray beam, a large number of grains with random 
orientations wi l l ensure that some of them are properly oriented so that every 
possible set of crystallographic planes are available for x-ray diffraction. 
The diffractometer is an apparatus used to determine the angles at which 
diffraction occurs for powdered specimens; its features are represented schematically 
in Fig 2.9. A specimen S in flat plate is installed so that rotation around the axis O is 
accessible. This axis is perpendicular to the circle of Fig. 2.9. The monochromatic 
beam is generated at point T, and the intensities of diffracted beams are detected with 
a counter labelled C in the Fig.2.6. The specimen, the x-ray source, and the counter 




I广、、丄 丄 20。 
Figure 2.9 Schematic diagram of an x-ray diffractometer. T is the x-ray source, S the 
specimen, C the detector, and O the axis around which the specimen and detector are 
rotated. 
The counter is mounted on a movable carriage rotatable around the O axis. Its 
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angular position in terms of 2 0 is marked on a gradual scale. Carriage and 
specimen are mechanically coupled so that a rotation o f specimen through 9 is 
accompanied by a 2(9 rotation of the counter. This assures that the incident and 
reflection angles are maintained equal to one another (Fig 2.9). Collimators are 
incorporated within the beam path to produce a well-defined and focused beam. Use 
of a filter provides a pseudo monochromatic beam. 
As the counter moves at a constant angular velocity, a recorder automatically 
plots the diffracted beam intensity (monitored by the counter) as a fiinction of 219， 
where 9 is the incident angle, and measured experimentally. In our measurement, 
al2d mode is used. In this mode, the incident angle is fixed at particular angle a 
such as a = T. The Scherrer formula can determine the grain size o f a crystal. The 
formula is shown below: 
广 . KA. 
Grain size = Z)cos(9 
where K is the constant 〜0.9-1, A is the wavelength of the x-ray source (Cu-Ka 
0.15405nm), D is the full-mean-half-maximum of the peak and /9 is the diffracted 
angle. This formula assume that there is no stress in the measureing film. 
2.7 XPS - X-ray Photoelectron Spectroscopy or ESCA - Electron 
Spectroscopy for Chemical Analysis 
X-ray photoelectron spectroscopy (XPS) is known as "Electron Spectroscopy 
for Chemical Analysis (ESCA) and was developed in the mid 1960s by K. Siegbahn 
and his research group. K. Siegbahn was awarded the Nobel Prize for Physics in 
1981 for his work in XPS. The phenomenon is based on the photoelectric effect 
outlined by Einstein in 1905 where the concept of the photon was used to describe 
the ejection of electrons from a surface when photons impinge upon it. The energy of 
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those electrons ejected after the photoemission process (photoelectrons) are detected 
and analyzed (see Fig. 2.10). 
^^^^ X-ray photon (/?") 
i ^ W I s 2 s 3s 
Figure 2.10 When 
a atom is irradiated with photons of energy h u , electrons were 
found emitted f rom the sample — photoemission. 
An element can be identified by the binding energy referencing according to the 
energy diagram which is shown in Fig. 2.11. For XPS, A1 (1486.6eV) or Mg K" 
(1253.6eV) are often the photon energies of choice. The XPS technique is highly 
surface specific due to the short range of the photoelectrons excited from the solid. 
The energy of the photoelectrons leaving the sample are determined and this gives a 
spectmm with a series of photoelectron peaks The binding energy of the peaks are 
characteristic of each element. The peak areas can be used (with appropriate 
sensitivity factors) to determine the composition of a material surface. The shape of 
each peak and the binding energy can be slightly altered by the chemical state of the 
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emit t ing atom. Hence X P S can provide chemical bonding information as well. X P S 
is also used for selected element depth profi l ing in thin films, particularly in 
insulators. XPS is not sensitive to hydrogen or helium, but can delect all other 
elements. XPS must be carried out in U H \ ' condit ions The advantages of XPS are 
the capability of analyzing non-conduct ing materials, such as ceramics and plastics, 
with minimum charging effects and the ability to relate small shif ts in the XPS signal 
to differences in the chemical stale or bonding of the e lements 
c 
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2.8 Atom Force Microscopy (ATM) 
Atomic Forcc Microscopy (Af \ l ) has been the most widely used derivative o f 
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scanning tunnelling microscopy (STM). It was invented (in 1986) by G. Binning, C. 
Gerber, and C. F. Quate [2.7]. Although A F M technique was derived from STM, it 
was the first instrument to produce real-space images o f surfaces with atomic 
resolution on non-conducting materials. By scanning an A F M tip with a few tens of 
nanometers in diameter over a sample, a three-dimensional view of the surface 
topology can be obtained with a lateral resolution less than lOnm and a vertical 
resolution of 0.01 nm. The versatility of this technique allows to sense several 
different forces, often simultaneously, for a variety of images including magnetic 
force, friction and capacitance. A l l measurements can be conducted in ambient 
conditions without special sample preparation. In this research, AFM is used to 
obtain quantitative and three-dimensional images of surfaces with high resolution, 
which provides information on surface roughness, grain size, and grain size 
distribution of the STO thin films. 
AFM is based on the gauge of interatomic force between a probing tip and a 
sample surface. According to different operation mechanisms between the tip and 
sample, AFM can be classified into several operation modes. They are: (1) contact 
mode APM, (2) non-contact mode AFM, (3) tapping mode AFM and (4) near field 
AFM. 
( 
A typical configuration of AFM is schematically depicted in Fig. 2.12. It 
consists of a piezoscanner, a probe and a displacement detector. The sample surface 
is scanned underneath the sharp tip whose apex is about 20nm in diameter. The tip is 
located at the free end of the cantilever. In the contact mode, the repulsive force 
experienced by the tip is measured by recording the cantilever deflection. A laser 
beam is reflected from the cantilever surface to the photodetector. In conformity to 
the morphological variations of sample, the vertical displacement of the cantilever 
has to be proportional to the differential signal from the vertical segments of the 
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photodetector under the constant force mode. This signal variations are acquired and 
reconstructed to form an image by the computer system. The electronic control 
consists of a pre-amplifier of the sensor, a reference signal, a feedback-loop and a 
high-voltage amplifier. In a digital control system, the feedback-loop is controlled by 
a digital signal processor. Each step of control and data acquisition is performed by 
the digital signal processor. 
f ^ ^ ^ Mirror Control Electronics 八 � } \ 
Image Command Photofeector \ \ | 
Display Monitor \ \ 
^jJ-^^^^C^tilever 
‘ C o l p u t e r ] Sample 
Piezoscanner 
Figure 2.12 Schematic representation of the main components of a Atomic Force 
Microscopy. 
2.9 Transmission Electron Microscopy (TEM) 
Transmission Electron Microscopy (TEM) is based on the irradiation of a very 
thin sample by a high energy electron beam, including imaging and angular 
distribution analysis of forward scattered electrons. TEM is typically used for high 
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resolution imaging of thin films in plan view or cross-section for microstructural and 
compositional (carbon and heavier elements) analysis. TEM is generally the final 
analytical technique in the course of sample analysis, due to the fact that TEM 
sample preparation is a destructive process. 
TEM provides a resolution on the order of 0.2nm. A good TEM sample 
preparation is very crucial to obtain a good TEM micrograph. In order to achieve the 
highest quality image, the sample must be thinned down to be less than 30-40nm. 
Consequently, TEM requires an intensive and exact process of sample preparation. A 
thin sample can not only let higher percentage of electron beam transmit, but also it 
can reduce the beam heating effect on the sample. Serious beam heating can damage 
the TEM sample and contaminate the TEM [2.8]. 
In the present research, cross-sectional views of TEM (XTEM) are used to 
determine thickness, interface and grain structure of STO thin films. 
Several techniques are needed in TEM sample preparation. Among them 
mechanical polishing and focused ion beam (FIB) milling are the two main processes. 
FIB provides the highest degree of accuracy in a specific area since the thickness of 
the specimen can be estimated by the portion of the transmitted light while thinning. 
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CHAPTER 3 CHARACTERIZATION OF 
COMPOSITION AND THICKNESS OF STO THIN 
FILMS 
Introduction 
It is well known that structural and electrical prosperities of perovskite thin 
films depend on the composition and thickness of the film. The crystallinity and 
orientation can be controlled by the composition ratio of Sr to Ti in SrTiOs thin films 
！3.1]. Oxygen vacancy or impurity doping (e.g., Nb or La) can change the electrical 
conductivity in bulk SrTiOs single crystals [3.2]. The dielectric constant and loss of 
the films depend on the film thickness [3.3]. Therefore, precise measurement and 
control of the composition and thickness of SrTiOs thin films are very important. 
In this research, composition of SrTiOs thin films is measured by RBS and XPS. 
The fi lm thickness is determined by RBS, XPS depth profile, TEM，and a -step. 
3.1 Composition characterization 
Fig. 3.1 and 3.2 shows RBS spectra for SrTiOs films annealed at 450°C and 
650°C, respectively. The incident particle energy is about 2MeV. All the samples 
have uniform and stable composition across the films and no impurities are found. 
The composition ratio of the films annealed at 450。C and 650°C are 1 : 1.05 : 3.1 and 
1 ： 1.01 : 3 for Sr : Ti : O, respectively. These normalized results were obtained by 
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assuming a Sr value to be 1. The composition of the films are close to ideal, with a 
deficiency of 2-3% Sr. The deficiency itself could be due to the different vapour 
pressures of Sr and Ti species. The excess oxygen yield may come from the SiO〗 
interfacial layer between the SrTiOs f i lm and Si substrate. Different annealing 
temperatures have little effect on the composition ratio. The chemical composition 
and thickness of SrTiOs thin films are measured only on the films deposited on bare 
Si(lOO) substrates. This is because the strong Pt signal on the platinized Si(lOO) 
substrate wi l l submerge the signal of Sr and Ti. 
4000 
3500 \ I Experimental 
3000 \ —Simulated | 
.測 ^ I f t S ^ y j J ^ S. Sr I 
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Figure 3.1 RBS spectra of SrTiOs film annealed at 450°C on bare Si(lOO) substrate. 
The chemical composition of SrTiOs thin film is also verified by XPS 
characterization. Fig. 3.3 is the XPS spectra of the thin film annealed at 650"C on 
Si(lOO) substrate. The atomic percentage of Sr, Ti and O (see Fig. 3.3) was obtained 
by the high resolution scan at the peaks of Sr3d，Ti2p and 01s after lOnm film was 
sputtered out from the surface. According to the XPS spectra, there is no shift in the 
peak position of Sr3d, Ti2p and 01s signal, indicating that the bonding of Sr, Ti and 
4 9 
Chapter 3 Characterization of Composition and Thickness of SrTiO] Thin Films 
O in SrTiOs thin f i lm are the same as that SrTiOs in single crystal and there is no 
charging effect during measurement. The position and shape of the 01s signal 
indicates that oxygen species only appear in oxide form. The composition ratio of the 
f i lm is 1 : 1.13 : 2.85 for Sr : T i : 0，respectively. 
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Figure 3.2 RBS spectra of SrTiOs f i lm annealed at 650°C on bare Si(lOO) substrate. 
Obviously there is a difference in the oxygen composition between RBS and 
XPS results. In my point of view, XPS results are more accurate. This is because the 
XPS results can show the entire oxygen bonding to Sr and Ti atoms. However, RBS 
results cannot provide the detailed the bonding information. The excess oxygen 
content detected by RBS is probably from the oxygen in the SiO! layer which was 
formed at the interface of SrTiOs f i lm and Si substrate during annealing. More 
compositional information can be obtained from the XPS depth profile. Fig. 3.4 
shows a typically depth profiles of each component in the SrTiOs fi lm on a platinized 
substrate post-annealed at 650°C. The SrTiOs thin f i lm is chemically stoichiometric 
near the f i lm top surface. However, a certain deficiency of oxygen appears near the 
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interface. The non-stoichiometry is probably due to the interdiffusion of Pt atoms 
into the SrTiOs thin f i lm during annealing process. According to Fig. 3.4, the sample 
is composed of three regions. The width of the interface layer is about 20nm. On the 
contrary, the TEM cross-sectional image (Fig. 3.5) shows that the interface of SrTiOs 
thin f i lm and Pt substrate is very sharp and smooth. Therefore, the interface region 
displayed in the XPS depth profile is probably from the ion mixing effect by the 
energetic Ar+ ion during sputtering. 
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2 - Ti2p T 
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Figure 3.3 XPS spectra ofSrTiOs thin fi lm annealled at 650。C. 
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Figure 3.4 XPS depth profile of SrTiOs f i lm post-annealed at 650°C on platinized 
substrate. 
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Figure 3.5 TEM cross-sectional micrograph of SrTiOs thin fi lm deposited on 
platinized silicon substrate (Pt/Ti/SiCVSi) substrate at 650°C. 
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3.2 Thickness characterization 
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Figure 3.6 A profile of SrTiOs thin f i lm after XPS depth profile measurement probed 
by an a - step profiler. 
According to the RBS results (Fig. 3.1 and Fig. 3.2), the total thickness of a 10 
layer f i lm is about 81.2nm. On average, each layer is about 8.12nm-thick for 0.05M 
precursor solution. This thickness is probably underestimated, due to the assumption 
of the f i lm density equal to the bulk density. The actual f i lm thickness is probably 
thicker than the estimated value. This is because the density of a thin f i lm is mostly 
less than that of the bulk material. The f i lm thickness can be confirmed by XPS 
depth profile, which is shown in Fig. 3.4. The sputtering depth is measured by a -
step profiler in the hole region after sputtering(see Fig. 3.6). The vertical depth of the 
hole is about 90nm, Due to the ion mixing effect by the energetic Ar+ ions, there is a 
20nm-thick interface layer between the thin f i lm and the substrate. I f we assume the 
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centre of the interface layer is the exact interface (showed in the TEM image), the 
thickness of the f i lm would be equal to 80nm, which is consistent with the RBS 
result. 
The f i lm thickness is also measured by TEM. Fig. 3.7 shows the TEM 
cross-sectional image of a SrTiOs thin f i lm deposited on Pt/Ti/SiC^Si substrate at 
650°C. The total thickness of 35 layers of the SrTiOs thin f i lm is about 300nm. Each 
layer of the f i lm is about 8.6nm-thick，which is consistent with the results from RBS 
and a - step profiler. Fig. 3.8 shows the RBS spectra of the Pt/Ti/Si02/Si substrate. 
This substrate has a pure Pt layer coated on a thin Ti glue layer. The thickness of Pt 
layer is 620nm (see Fig. 3.8). According to the RBS result, the thicknesses of Pt and 
Ti layer are 630.4nm and 21.1nm, respectively, (see Table 3.1) 
Table 3.1 The SrTiOS f i lm thickness measured by RBS, a - step profiler and TEM. 
I Thickness of single Thickness of Pt layer j Thickness of Ti glue : 
I ？ i 
SrTiOs layer j layer 
RBS I 8.12nm 「 630nm 21nm 〜 
5 i 
I a - step 8nm | I 
I TEM 8.6nm 「 620nm I ^ 
i ) � 魏 
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Figure 3.7 TEM cross sectional image of a SrTiOs thin film deposited on 
Pt/Ti/Si02/Si substrate at 650°C. 
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Figure 3.8 RBS spectra of Pt/Ti/Si02/Si substrate purchased from Nanjing. 
To summarize the results discussed above, one can conclude that the synethized 
SrTiOs thin films are quite stoichiometric. But there exists a slight deficiency of 
oxygen near to the interface (due to the interdiffusion of Pt atoms in the substrate). 
Moreover, the f i lm thickness measured by RBS is consistent with those obtained by 
TEM and a - step profiler. This implies that the results obtained from RBS is 
sufficiently accurate and the density of the SrTiOs thin films is very close to the bulk 
density. 
Reference 
[3.1] J. S. Lee, J. W. Song, B. H. Jim, D. H. Kwack, B. G Yu, Z. T. Jiang and N. 
Kwangsoo, Thin Solid Films 301，154 (1997) 
3.2]T. Takeshi and M. hidejiro, T. Hitoshi, K. Tomoji and K. Shichio, J. Appl. Phys. 
76,5886 (1994) 
[3.3]Reji Thomas, D. C. Dube, M. N. Kamalasanan，Subhas Chandra, A. S. Bhalla, J. 
Appl. Phys. 82，4484 (1997) 
56 
Chapter 4 Structural properties of SrTiOs thin films 
CHAPTER 4 STURCTURAL PROPERTIES OF STO 
THIN FILMS 
4.1 Effects of Annealing Method on STO Thin Film Structure 
According to the previous work by Dr. G D. Hu, the preferential orientation of 
SrBi2Ta209 (SBT) thin films can be controlled by the layer-by-layer annealing 
technique. The reason is that the as-deposited layer can serve as the seeding layer for 
the forthcoming layer to decrease the activation energy for crystallization of the films. 
By the layer-by-layer annealing technique, he can not only reduce the post applying 
annealing temperature, but also increase the relative intensity of (200) peak of SBT 
films. Here we intend to investigate whether this technique is applicable to STO thin 
films or not. 
It is found that STO thin films deposited on Si substrates by sol-gel technique 
and the conventional annealing method always show (110) preferential orientation or 
polycrystalline structure of STO [4.1-4.3]. In this section, the effects of annealing 
/ 
temperature on the structure of STO thin films annealed by the conventional 
annealing method wil l first be discussed, since this information is essential to 
compare the effects of the layer-by-layer annealing method on the structure of STO 
thin films. 
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Figure 4.1 XRD spectra of SrTiOs thin films deposited on Pt(l 1 lyTi/SiOs/Si 
substrates using the conventional annealing method at different temperatures. The 
film thickness is about 80nm. 
To find the best pre-heating temperature, samples prepared at different 
pre-heating temperatures were studied. The final crystallization temperature was 
fixed at 65OX (2 min) and the effect of the preheating temperature on the structure 
of the films was inspected. It is found that 350°C is the most suitable preheating 
temperature. For pre-heating temperatures higher or lower than this temperature 
range, the films will not be well oriented. This may be due to some undesired 
crystallites i f the preheating temperature is too high and some residual carbon 
clusters i f the preheating temperature is too low. Both will make the films less well 
oriented. 
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The crystallization temperature starts at about 400®C, as evidenced by the sharp 
exothermic peak in the differential thermal analysis (DTA) [4.4]. However, higher 
annealing temperature (500°C) is always required for crystallization of STO thin 
films [4.1-4.3]. Fig. 4.1 shows the XRD patterns of STO thin films deposited on 
Pt( l l l ) /Ti /Si02/Si substrates using the conventional annealing method at annealing 
temperatures ranging from 450°C to 650°C. The f i lm thickness is 8L2nm. It is 
possible to attain a crystalline phase at annealing temperature of 550。C. As the 
annealing temperature is increased, the peaks in the XRD patterns become sharper 
and the ful l width at half-maximum (FWHM) decreases, indicating better 
crystallinity and larger grain size. On the other hand, it can be clearly seen that the 
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Figure 4.2 XRD spectra of SrTiOs thin films deposited on Pt(l l l ) /Ti/Si02/Si 
substrates using the layer-by-layer annealing method at different temperatures. The 
59 
Chapter 4 Structural properties of SrTiOs thin films 
f i lm thickness is about 80nm. 
Fig. 4.2 shows the XRD patterns of STO thin films deposited on 
Pt(l l l)/Ti/Si02/Si substrates using the layer-by-layer annealing method at annealing 
temperatures ranging from 450。C to 650。C. The thickness of the STO thin films is 
81.2nm. It is found that it is possible to have a crystalline phase at an annealing 
temperature as low as 450。C，100°C lower than that for the fi lm with the similar 
crystallization and annealed by the conventional annealing method. This is the first 
observation of the crystallization of a SrTiOs thin films on Pt(l l l)/Ti/Si02/Si 
substrate at temperature of 450''C. As the annealing temperature increases, the peak 
intensity monotonically increases and the values of FWHM of the films decrease. 
Both clearly indicate the grain growth (see Table 4.1). This observation 
unambiguously shows the significant improvements of crystallization in the films by 
the modified annealing method. In addition, as the annealing temperature increases, 
the relative intensity of (110) peak 1(110/1(200) also increase. However, the relative 
intensity of (200) peak cannot be increased by the modified annealing method. 
Moreover, the TEM image does not show any change in the orientation over the 35 
layers of SrTiOs thin film. These results indicate that the modified annealing method 
proposed published by Hu et al [4.5]. is probably not applicable to STO thin films. A 
plausible reason for this is probably due to the fact that STO has a cubic perovskite 
structure with high isotropism in nature, which is more difficult to control by the 
layer-by-layer annealing method. Moreover, SrTiOs favours the growth of (110) STO 
layer on Pt(lll)/Ti/Si02/Si substrate because the P t ( l l l ) plane can fit periodically 
with the predominant SrTiOsCllO) plane (see Fig. 4.5(b)). 
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Table 4.1 Dependent of the structure and grain size of the SrTiOs thin fi lm versus 
annealing temperature. The fraction (Fno) of (llO)-oriented portion compared to 
(200)-oriented portion, calculated by =~~^——x lOO%, where /iioand hm is 
A10 +"^ 200 
the peak intensity of 110 and 200, respectively. The grain size of the films can be 
estimate from the XRD patterns by ] r ^ ^ , where D is the 
(Z)/360)x2x3.1416xcos(i9) 
full width half maximum of the peak ,々is the angle of the peak and using A = 
1.5405 A for the Cu Ka line. 
霸__；纖_鐘編繊•韓鍵___纖____画^ 
，Substrate | | F i l m preparation (layer-by-layer annealing method) f Analysis | 
spinner Number Film Preheating i Annealing ^ Fno ； Grain i 
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4.2 Substrate Effects on Structure of STO Thin Films 
STO thin films on Pt(lll)/Ti/Si02/Si substrate prepared by the layer-by-layer 
annealing method have grown with a high degree of preferential orientation along the 
<110〉direction. On the contrary, a poor crystallinity of STO films is produced when 
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the thin films are directly deposited on Si(lOO) substrate. 
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Figure 4.3 XRD spectra of SrTiOs thin films deposited on Si(lOO) substrate using 
the conventional annealing method at different temperatures. The film thickness is 
about 80nm. 
Figs. 4.3 and 4.4 show the XRD patterns of STO thin films deposited on Si( 100) 
substrate using the conventional and layer-by-layer annealing methods, respectively. 
The f i lms are annealed at annealing temperatures ranging from 5 0 0 ( ) C to 650。C. The 
thickness o f the STO thin f i lms is 81.2nm. When compared with the X R D spectra o f 
the STO f i lms prepared on Pt( 111 VTi/SiCVSi substrate (Fig. 4.1 and Fig. 4.2)，all the 
STO films prepared on Si(lOO) substrate show poor structural properties and shortfall 
o f crystallization，especially for those prepared using conventional annealing method. 
This obviously exhibits the impact o f Si substrate on the formation o f a crystalline 
phase o f STO f i lms and the need for a relatively high annealing temperature. Jn 
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addition, it also provides a further evidence for the advantages of the modified 
annealing method. 
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Figure 4.4 XRD spectra of SrTiOs thin films deposited on Si(lOO) substrate using 
the layer-by-layer annealing method at different temperatures. The f i lm thickness is 
about 80nm. 
Generally, the orientation of the thin f i lm is influenced not only by the lattice 
match and type of crystal structure, but also by the chemical stability and chemical 
bonding of the substrate. The lattice constant of SrTiOs (^sto) and Si (<3fsi) are 
3.905A and 5.43A, respectively. Their lattice mismatch is huge, about 39%. But 
SrTiOs can (100) preferential growth on Si(lOO) with the SrTiOs unit cell rotated 4 5 � 
as displayed in Fig. 4.5(a). In this way, the lattice mismatch can reduce to Ijo/o, 
However, in our case, a amorphous SiO〗 layer (according to RBS result) forms over 
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the Si(lOO) surface and prevents SrTiOs f i lm from fully crystallizing. To the best o f 
our knowledge, no completely (100) preferential SrTiOs layer has been synthesized 
when SrTiOs film is directly deposited on Si(lOO) substrate. To circumvent this 
problem, materials with strong oxidizing capability are used as intermediate layers. 
As an example, it is expected that Sr atom reacts with O and produces SrO during 
and after f i lm deposition, partially at the expense of reducing the Si02 layer on the Si 
surface [4.6]. It is also reported that the postannealing at SOtf'C for 1-5 h in oxygen 
atmosphere is effective for recrystallization [4.7]. 
As depicted in Fig. 4.5(b) the P t ( l l l ) plane can fit periodically with SrTi03(110) 
plane. The relation of the long periodical lattice match is shown by the following 
equation: 
(sj^^Pt ) x 4 periods = (V^a 灯。)x 5 periods 
where ^JJ^cip, and V^以灯o are the vertical lattice constant of Pt and SrliOa in a 
unit cell, respectively. The lattice constant of Pt (apt) is 3.92 A. 
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(a) Top v iew o f SrTiOs (100) and Si(lOO) plane 
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Figure 4.5 Latt ice-matching model, (a) growth o f SrTi03(001) on Si(OOl) w i th the 
SrTiOs unit cell in-plane rotated 45°, (b) growth o f SrTiOsCllO) on P t ( l l l ) . The 
relation o f long periodical lattice match is indicated as fol lows: 
(-yj^^Pt) X ^periods =、4^a 灯。)x 5 periods 
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4.3 Effects of SiOz Buffer Layer on Structure of STO Thin Film 
SrTiOs thin films are grown by the layer-by-layer annealing method on SiCVSi. 
The effect of introducing different thickness of SiO〗 buffer layer between the Si 
substrate and SrTiOs f i lm on the crystallinity of the f i lm was investigated by XRD. 
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Figure 4.6 XRD patterns of SrTiOs thin films deposited on SiO: buffer layer using 
the layer-by-layer annealing method at 650。C with different SiO: thickness. 
Fig. 4.6 shows the XRD patterns of STO thin films deposited on SiO: buffer 
layer using the layer-by-layer annealing method with different SiO: thickness. The 
thickness of the buffer layer is measured by spectroscopic ellipsometry. It is found 
that the grain size decreases as the thickness of SiO: layer increases. This observation 
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shows that the amorphous SiO〗 layer forming on the Si(lOO) surface prevents the 
SrTiOs fi lm from crystallizing. This impact wil l be enhanced as the thickness of the 
Si02 layer increases. In addition, as the thickness of SiO? increases, the relative 
intensity of (200) peak decreases, (see Table 4.2) 
Table 4.2 The structure and grain size of the SrTiOs thin film versus the thickness of 
Si02 buffer layer. Prior to the etching steps, all substrates were ultrasonically cleaned 
in solvents: acetone (5 min) and ethanol (5min). The fraction of (200)-orientation 
compared to (llO)-orientation (F200), calculated as follows: F现=^———x 100%, 
A10 +7200 
where /noand I200 is the peak intensity of 110 and 200, respectively. The grain size of 
the f i lms can be estimate f rom the X R D patterns by -7 r ^ ^ 
(Z)/360)x2x3.1416xcos(^)' 
where D is the full width half maximum of the peak ,々is the angle of the peak and 
using A = 1.5405 A for the Cu Ka line. 
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4.4 Effects of STO Film Thickness on Structure of STO Thin Films 
Fig. 4.7 shows the XRD patterns of STO thin films with different thickness 
deposited on Pt(l l l)/Ti/Si02/Si substrate using the layer-by-layer annealing method 
at 650°C. The film thickness is in the range 80nm to 320nm. With the increase in 
f i lm thickness, the intensity of the peaks increases. However, the value of FWHM for 
the films with different thickness remain almost unchanged as the f i lm thickness 
increases (see Table 4.3). This indicates that the grain size may not be limited by the 
f i lm thickness. The ratio of I110/I200 does not explicitly show a tendentious variation 
as the f i lm thickness increases. From the above discussion, it is concluded that there 
is no any effect of the Pt(l l l)/Ti/Si02/Si substrate on the fi lm structure when the 
f i lm thickness increases. 
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Figure 4.7 XRD patterns of SrTiOs thin films with different values of film thickness 
deposited on Pt(l l l)/Ti/Si02/Si substrates by the layer-by-layer annealing method at 
650°C. 
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Table 4.3 The structure and grain size of SrTiOs thin fi lm versus film thickness. The 
fraction (Fno) of (llO)-oriented portion to (200)-oriented, is calculated by 
Fj^o =—————xlOO%, where /noand /200 is the peak intensity o f 110 and 200, 
A10 +7200 
respectively. The grain size of the films can be estimate from the XRD patterns by 
7 V ^ ^ , where D is the full width half maximum of the peak , 
(Z)/360)x2x3.1416xcos((9) 
夕is the angle of the peak and using A 二 1.5405 A for the Cu Ka line. 
Substrate | Film preparation (layer-by-layer annealing method) Analysis 
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- i i q i ： ^ I ？ I 
I speed I of | thickness | temp. ( T ) | temp. (。C) | (%) | size 
i ： I I i ； i ? ：； ？ 
丨 ( r p m ) I Layers | (nm) (nm) j 
Pt/Ti/Si02 3000 i 10 f 80 IsO I 650 「 7 6 . 8 「 3 8 
� ^ ；^ I ^ I J J 
Pt/Ti/Si02 I “ ] : 「 350 厂 650 
； P t / T i / S i 0 2 i f i ^ ^ 厂 20 j 160 350 [64.6 
.Pt/Ti/Si02 :f3000 ； 25 ] 200 ：[ 350 丨 [ 6 5 0 ‘ 77.8 1 38 
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；Pt/Ti/Si02『3000 f 4 0 |“320 1| 350 || ^ I 70.1 厂35 
. .： __ 、、 ：； f ： > J 5 I i 
> 4.5 Surface Morphology of STO Thin Film 
The topographic analysis of SrTiOs thin films was performed using APM. Fig. 
4.8 shows typical topographic images of SrTiOs thin films deposited on Pt/Ti/SiOs/Si 
substrate using the layer-by-layer annealing method with different scanning area. 
Generally, there are two analytical tools can be used for AFM images. The first one is 
roughness analysis (see Fig. 4.9). In order to obtain an accurate result, large scan area 
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(10 [im X 10 ^im) usually is used to conduct this analysis. We can obtain the root 
mean square (RMS) roughness of the sample from the image statistics box in Fig. 4.9. 
The other one is section analysis (see Fig. 4.10). Using to this analysis, one can attain 
the vertical height and horizontal size of the grains. 
0 2；5 5.0 7 5 ： 〜 。 . 0 2.5。 5 . 0。㈣ 
pm 
圏 鼸 
6 l. 'oo 2.00 MH 0 0.25 0.50 0.75 1.00 
Figure 4.8 AFM images of SrTiOs thin films deposited on Pt/Ti/Si02/Si substrate 
using the layer-by-layer annealing method with different scanning areas. (A) 10 jim x 
10 jim, (B) 5 |im X 5 |im, (C) 2 jim x 2 jim, and (D) 1 |im x l 阿 
70 
Chapter 4 Structural properties of SrTiOs thin films 
Roughness Analysis 
H L 
0 2 . 5 5 . 0 7 . 5 1 0 . 0 
IJITI 
F igu re 4.9 Roughness analysis on A F M image. 
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Figure 4.10 Section analysis on AFM image. 
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The grain size obtained from the AFM measurements is largely different from 
that obtained by XRD measurement. This is presumably due to the tip artifacts of the 
AFM. For the AFM images, a typical size of granular particles is about 50nm 〜90nm. 
However, these are roughly comparable to the AFM tip radius, which typically is 
about 25-50nm. Therefore, the AFM micrographs cannot reveal the real surface 
features, i f the convolution between the shape granular particles and the tip is not 
decoupled. However, it is seen that the convolution affects only the lateral width of 
granule in AFM image, but not the vertical height. Therefore，the measurement on 
RMS roughness of the samples is still correct. The surface morphology of SrTiOs 
thin fi lm is also observed by scanning electron microscopy (SEM) as shown in Fig 
4.13. 
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Figure 4.11 A F M images o f SrTiOs thin f i lms deposited on Pt/Ti/Si02/Si substrates 
using the layer-by-layer annealing method at temperatures ranging form 450。C to 
750。C. (A ) 450。C, (B) 500。C, (C) 550。C, (D) 600。C, (E) 650"C. 
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Fig. 4.11 shows the topographic images of STO thin films deposited on 
Pt( l l l ) /Ti/Si02/Si substrates using the layer-by-layer annealing method at anneal 
temperatures ranging from 450。C to 650''C. The thickness of the STO thin films is 
81.2nm. The scan area is 5 // m x 5 // m. It can be clearly seen that the films are 
smooth and dense without any cracks and defects. The grain size and the RMS 
roughness increase with the annealing temperature (see Table 4.4). The maximum 
value of RMS roughness is less than 5.5nm for the films annealed at the present 
temperatures. 
Table 4.4 Surface morphological features of SrTiOs thin films as a function of 
annealing temperature. 
I 
Substrate | Film preparation AFM Analysis 
I i ! 
(layer-by-layer annealing I 
I I I 
I method) 
I Preheating Annealing I RMS rough-ness [ Grain size 
I temp. CQ I temp. (T) I (nm) (nm) 
Pt/Ti/SiCvl ^ 450 2.772 I M | 
Pt/Ti/Si021 ^ 11 ^ 1 I ^ I 
Pt/Ti/Si02 I ^ 11 ； I ^ | 
"•••••••••••"-•••"••••—•••••• - / •.,., « ,.•>, . .%,” ., 产••认...................................................：： ^ f ,； 
Pt/Ti/Si021 350 I I I ^ I 
� i； ；； 专 • 
Pt/Ti/Si0211 ^ [ ^ 5.331 ^ | 
�…�，."V. • … • . - • � - - � � � � " . • - - • � • • � • . � . � . . � . • � � . . . . . , . ‘： . . . . . .>V. . .N .V.-. .V •••.v. -.‘.-..-.... > J. . . ..V. . .v.-.v, ...•...-. . v . ^.-.v. . . J , , . , . . , " . - • • " . - � 
Fig. 4.12 shows the topographic images of STO thin films with different values 
of fi lm thickness prepared on Pt/Ti/SiC^/Si substrate by the layer-by-layer annealing 
method at 650°C. The scan area is 1 jim x 1 [im. The surface morphologies of the 
films with different thickness show no evident difference, which is consistent with 
the XRD results. This provides further evidence for the conclusion that the grain 
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growth o f STO th in f i lms is not l imi ted by the f i l m thickness. 
f 80nm ' - V - J i i L ^ C F ^ \ 120nm ‘ ， J l ^ ' • 了 1 
•一 240nm ^ 、 、 4 、 、 , ^ ^ J I ^SOnm % : 零 
Figure 4.12 A F M images o f STO thin f i lms w i th different thickness prepared on Pt/Ti/Si02/Si substrates by the layer-by- ayer annealing method at 650oC. Thescanning are is 1 | im x 1 jim. 
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200nm ‘ MAG = 100.00 KX Signal'A = SE1 ^ 炉 ^ ^ 
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Figure 4.13 SEM image of SrTiOs thin films deposited on Pt/Ti/SiCVSi substrate 
using the layer-by-layer annealing method at 650°C. 
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CHAPTER 5 ELECTRICAL CHARACTRERIZATION 
OF STO THIN FILMS 
5.1 C-V characteristics 
Having the films been successfully prepared, their electrical characterization 
was carried out. Capacitance-voltage (C-V) characteristics of the films were 
measured by a Hewlett-Packard 4284A precision LCR meter in a 
metal-insulator-metal (MIM) structure. lOOnm-thick Au top electrodes of 0.2mm in 
diameter were deposited on the top of the film. The bias voltage was ramped from 
+12 V to -12 V at a constant sweeping rate of 0.5 V/s. The step for bias voltage 
ramping was 0.1 V. The frequency and amplitude of the driving ac signal were 100 
kHz and 20 mV, respectively. 
Figure 5.1 shows dynamic C-V curves at different dc bias (C-V) of the M I M 
configuration at modulation frequency lOOkHz. The capacitance shows little 
dependence on the applied voltage. No hysteresis has been observed when the bias 
voltage is ramped from positive to negative bias voltages. The independence of 
capacitance on bias voltage and the absence of hysteresis reflect the pure paraelectric 
behaviour of the SrTiOs film at room temperature. 
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Figure 5.1 Dielectric constant as a function of bias voltage of a typical SrTiOs thin 
fi lm based M I M structure at room temperature (RT). The fi lm thickness is about 
350nm. 
The C-V characteristics for STO films on /?-type silicon (100) substrate 
annealed at various temperatures are shown in Fig. 5.2. Good C-V curves are 
obtained for films annealed at 550°C and 650°C. The effective dielectric constant is 
calculated from the maximum capacitance measured in accumulation region of C-V 
curve. The effective dielectric constant of a 168nm-thick STO film annealed at 
550。C and 650。C are 78.55 and 65.26, respectively. 
79 
Chapter 5 Electrical Characterization of STO Thin Films 
3 . 4 x 1 0 ” - I 
- 650°C 
3 . 2 x 1 0 ” - • 〜 • 、 
3.0x10-11 - \ 
^ ,, \ 
二 2.8x10-”- 550。C \ 
^ - • 一 • 一 像 赛 . . . . . . . 激 \ 
H 蟹赞⑩.......•~-激、、_ • 
cd \ 
' 5 2 . 6 x 1 。 - ” - 、 \ \ 
I • \ \ 
CC 徽、 . \ 
。 2 . 4 x 1 0 - 1 1 - \ \ 
• \ 
2.2x10-11 _ 驟 膠 。 髎 、 J 
2 . 0 x 1 0 ” - h ~ I I ~ I ~ I ~ I ~ I ~ I ~ I ~ I I ~ I ~ I ~ I ~ ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ 丨 I - I I 
- 1 2 - 1 0 - 8 - 6 - 4 - 2 0 2 4 6 8 1 0 1 2 
Bias Voltage (V ) 
Figure 5.2 C-V characteristics of a 168nm-thick SrTiOs thin fi lm based 
metal-insulator-semiconductor (MIS) structure annealed at SSO '^C, 650''C by the layer 
by layer annealing method. The measurements were performed at lOOkHz at room 
temperature. 
Fig. 5.3(a) shows the applied voltage dependence of the capacitance at lOOK 
and 300K with 315nm-thick films. Fig. 5.3(b) shows a C-F characteristics of a llOpF 
capacitor measured at lOOK and 300K. This is a control experiment to ensure the 
measuring system is work properly. As shown in the Fig. 5.3(a), the curve is more 
or less symmetrical when centered at zero voltage at 300K. However, at the lOOK 
measuring temperature, the curve are asymmetrical when centered at zero voltage, 
indicating a presence of an internally biased field. The maximum point of the C-V 
curve shift from zero to positive bias (〜+1V). As the measured temperature decreases, 
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the capacitance develops a hysteresis with an up and down voltage sweep. The 
magnitude of the capacitance is lower from the positive to the negative voltage 
sweep than vice versa, and the hysteresis of the capacitance sweep is greater as 
temperature decreases (see Fig 5.4). 
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4 删 0 - 1 。 - 如 m -8V to ^ ^ ^ ^ ^ ^ ^ ^ ^ 
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Figure 5.3 (a) C- V characteristics of a typical SrTiOs thin f i lm based M I M structure 
measured at lOOK and 300K of the 380m-thick STO film, (b) C-F characteristics of a 
llOpF capacitor measured at lOOK and 300K. 
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Figure 5.4 C-V characteristics of a typical SrTiOs thin fi lm based M I M structure 
measured at 60K, 120K, 150K, 200K, 250K and BOOK with 380nm-thick film. 
The reason for the above behaviours is not quite understood. The possible 
explanations are: (1) Because an oxygen deficient SrTiOs can be regarded as a n-type 
semiconductor, the interfaces of the STO film between the Au and Pt electrodes can 
form Schottky barriers by ionised donors in STO, and the density of the ionised 
donors of both interface can be different, due to the different growth nature of the 
two interface [5.1]. Thus, during the capacitance sweep at low temperatures, 
electrons that recombined to donor sites during the forward bias of one interface 
cannot be activated to the conduction band at zero bias, due to small thermal 
activation energy, and only the reversely biased interface can form a Schottky barrier. 
(2) There exist an interface trapped charge [5.2:. 
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Figure 5.5 Dielectric constant as a function of annealing temperature for 
420nm-thick SrTiOs film. The measurements were performed at lOOkHz at room 
temperature. 
The dielectric constant (Sr ) and dielectric loss (tan dor dissipation factor) at 
frequency of lOOkHz are often used as a standard to evaluate the dielectric properties 
of ferroelectric or dielectric thin films. The dielectric constant was measured at 
various frequencies (lOOHz-lMHz) for the films deposited on the platinized silicon 
substrate. The values of the dielectric properties in different regions of the film are 
fluctuated within l%-2%, indicating the high in-plane homogeneity and thickness 
uniformity of the film. Fig. 5.5 illustrates the variation of the dielectric 
constant with the increase in annealing temperature. It shows that 
the dielectric constant increases with the increase in annealing temperature from 
450。C to 650。C. The dielectric constant at the frequency of lOOkHz is 204, for the 
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480nm-thick f i lm deposited on the platinized silicon substrate at 650°C. This value is 
lower than the reported values for the single crystal [5.3], but is larger than those 
reposted for SrTiOs polycrystalling thin f i lm fabricated by a sol-gel deposition 
technique at the same annealing temperature and with the same film thickness [5.3, 
5.4]. The increase of the dielectric constant with increasing the annealing 
temperature is believed to be due to the grain growth and higher density of the films 
by increasing the annealing temperatures. 
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Figure 5.6 Dielectric constant of a 420nm-thick SrTiOs thin film at different 
annealing temperatures as a function of frequency. 
Fig. 5.6 shows the curves of dielectric constant as a function of frequency for 
the films annealed at temperatures ranging from 450°C to 650°C. The dielectric 
constants of the films annealed at different temperatures decrease with the increase in 
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frequency. This result is similar to that reported for the single crystal [5.7], As 
mentioned in Chapter 1, the dielectric constant £ r is a complex number and can be 
written as 
(5.1) 
In applications of dielectric capacitors, we intend to minimize s" for a given s[. 
Normally, the relative magnitude of with respect to el, tan d, is used as a 
criterion to evaluate a dielectric or ferroelectric capacitor. 
SrTiOs is an incipient ferroelectric material, which has a large dielectric 
nonlinearity and low dielectric loss at cryogenic temperatures, making it ideal for 
tunable microwave devices by exploiting high temperature superconductors. 
However, the dielectric loss of STO thin films is generally much higher than that of 
STO single crystals, and the temperature-dependent tan 6 of the films typically 
ranges from 10"^  to 10"^  (see Fig. 5.7), as compared to lO'"^  to 10"^  for the single 
crystals [5.8]. Numerous efforts have been devoted to understanding the mechanism 
of the high dielectric loss in the thin films, in order to improve the loss quality. 
However, so far the loss mechanism is not completely clear yet. 
Fig. 5.7 shows the dissipation factor of STO thin films as a function of 
frequency at different annealing temperatures. In the measured frequency range, the 
dissipation factor decreases with the increase in annealing temperature. For the films 
annealed at the temperature ranging form 450°C to 650°C, the decrease of tan d with 
the increase in annealing temperature is mainly due to the increase of ( . As 
mentioned above, s" represents the energy loss due to the reorientation of dipoles 
(or movement of domain walls) under weak field conditions. On the other hand, the 
reorientation of dipoles is associated with the defects at the interface and grain 
boundaries. Therefore, the lower value of s" for the fi lm annealed at higher 
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temperature (650°C) can be attributed to the decrease of the defect concentration in 
comparison with the films annealed at lower temperatures. 
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Figure 5.7 Dissipation factor of SrTiOs thin films as a function of frequency at 
different annealing temperatures. 
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Figure 5.8 The dissipation factor of SrTiOs films as a fiinction of thickness at 
annealing temperature of 650®C. The measurements were performed at lOOkHz at 
room temperature. 
Fig. 5.8 shows the dissipation factor as a function of thickness for the films 
annealed at 650°C. This result indicates that the film thickness plays a crucial role in 
determining the dielectric loss of the thin films. As the thickness increases, the loss 
decreases. This phenomenon has also found by another group [5.8]. And they have 
tried to explain it by introducing an interfacial "dead layer" at one or both electrodes 
with poor dielectric properties. This dead layer might arise from the oxygen 
interdiffusion, chemical reaction or structural defects at the interfaces. The measured 
loss is separated by the contributions from the interfacial dead layer and the bulk of 
the fi lm weighted by their thickness and dielectric constant. A linear fitting of tan / 
^ versus \/t {t is the total film thickness), wil l probably give the dead layer 
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contribution to the dielectric loss in the form of tan , ‘ 2/； / 。 ’ where tan is the 
loss of the dead layer. Although the result of this model is consistent with the general 
trend of the thickness dependence of the dielectric loss, it decreases more rapidly 
when the fi lm thickness increases, which obviously derails from the linear fitting. 
The dead layer contribution to the dielectric loss is too large i f a linear fitting to tan 
s versus l/t is made. The failure of this model to explain the above observation 
may be due to the assumption that the dead layer thickness and dielectric constant are 
fixed. In fact, it is more likely that the dead layer thickness, its dielectric constant, 
and its loss all vary when the total f i lm thickness alters. 
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Figure 5.9 The dielectric constant as a function of thickness for the STO films 
annealed at 650。C. 
Figure 5.9 depicts the dielectric constant as a function of thickness for the films 
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annealed at GSO'^ C. The dielectric constant increased with the f i lm thickness. The 
thickness dependent dielectric constant is believed to be due to the residual stress in 
the f i lm resulting from the difference in the thermal expansion coefficient of the f i lm 
and the substrate [5.9]. Also it can be explained by assuming a carrier depletion layer 
at the Pt/ SrTiOs and SrTiOs/Au interface, which comes from the work-function 
difference between Pt, Au and SrTiOs [5.10]. Further, the grain size has been found 
to be dependent on the f i lm thickness by another group [5.11]. At smaller thicknesses, 
the grain size is obviously dependent on the thickness because the grain size is 
probably o f the order of the f i lm thickness, indicating that the grain growth is 
confined and not complete. As the thickness of the f i lm increases, the thickness 
dependence on the grain size is not appreciable. This is due to the completion of the 
grain growth in a large f i lm thickness [5.12]. The observed thickness dependence of 
the dielectric constant in the present case cannot be attributed to the 
above-mentioned grain-size effect, because the grain size does not show a tendency 
of change, as the f i lm thickness increases. 
Here a depletion layer model [5.10] is attempted to explain the variation of 
dielectric constant as a function of the f i lm thickness as shown in Fig. 5.9. The figure 
demonstrates that SrTiOs has a nonlinear dielectric characteristic with monotonically 
decreasing magnitude when the applied electric field increases. The dielectric 
constant must be smaller than that of the bulk value in the depletion layer because of 
the space charges there. It is assumed that dielectric constant varies quadratically as a 
function of the distance, as shown in Equation 5.2, where £ ’ is the bulk dielectric 
constant of SrTiOs, based on the shape of a C-Fplot in Fig. 5.1. 
St 二 s、-k、t-XdY (5.2) 
where k 二 (1 _ JT) / 入j ； j3 is an arbitrary constant and/^j is the width of the 
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space charge region (see Chapter 1). Under this assumption, an equation of apparent 
dielectric constant as a function of thickness can be derived, as seen in the following 
equation: 
, 二 _ 丨 (5.3) 
Now the apparent dielectric constant can be calculated by assuming an 
appropriate value of k, which is determined by j3, and the value ofAd ^s set 20nm as 
was proposed by Hwang et al [5.10]. U is the total thickness of the f i lm and e -300 
is the bulk dielectric constant of SrTiOs. 
240 -I • n 
。。。-—• - Experimental data 
220- p = 2.0x10-5 ^ ^ ^ ^ ^ ^ 
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Figure 5.10 The variation of dielectric constant as a function of the film thickness. 
The dotted curve represents the experimental values and the solid curves represent 
the calculated values with different /5 . A d is assumed to be 20nm. 
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Fig. 5.10 shows the fitting results of the apparent dielectric constant with the 
different values of j3. It shows that the best fitting of the apparent dielectric constant 
is obtained when 2.0x10"^. However, it cannot match very well with the 
experimental values. 
Here is another model to explain the variation of dielectric constant as a 
function of the f i lm thickness. In this model it is proposed that the reduction of 
dielectric constant in ferroelectric thin films could be ascribed by the presence of 
interfacial dead layers around one or both electrodes with poor dielectric properties 
[5.13, 5.14]. The measured capacitance, C may then be expressed as an interfacial 
capacitance, C/, and the bulk f i lm capacitance, Cb, connected in series 
1 1 1 
—=——+——， (5.4) 
C Q Q 
or 
丄 + 丛 ， (5.5) 
s & A 
where t is the total f i lm thickness, ( is the interfacial layer thickness (assuming that 
the interfacial layers at both electrodes have the same properties), Sb is the bulk 
dielectric constant of the film, and is the dielectric constant of the interfacial layer. 
By assuming « / , one can then plot 1/ versus Mt and obtain 2/；/ from the slope 
of the linear fit, and the 1/ e t from the interception. This analysis has been applied 
for the STO films from 120nm to 480nm thick at room temperature, and the result is 
displayed in Fig. 5.11. It shows that dielectric constant the 1/ s varies linearly with 
Mt , as expected. Its slope is 4.00 x (unit), corresponding to ItJ e / . 
Simultaneously, the bulk dielectric constant e b is extracted by subtracting ItJ s i 
from the measured data or the interception in Fig.5.11. The average Sb is 250, as 
shown in Fig. 5.12. The fairly reasonable implies the validity of the model. 
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Figure 5.11 The 1/ cf versus Mt curve whose slope corresponds to ItJ £i. 
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Figure 5.12 The bulk b of the film obtained by subtracting 2t,/ £, from the 
measured data. 
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5.2 I-V characteristics 
A limiting factor for any DRAM capacitor is leakage current. In a DRAM cell, 
the stored charge on the storage capacitor leaks out with time through various 
leakage mechanisms. This means that the DRAM cell must periodically be idled so 
that the stored charge can be refreshed. Thus, the leakage current characteristics of 
the storage capacitor dielectric are very important. In the present study, the 
characteristics of electrical conduction are measured using M I M capacitors with an 
HP4145B semiconductor parameter analyser. 
6.5x10"® -I 1 1 1 1 1 1 1 1 1 
6.0x10、 -
^ 5.5x10、 -
"^ E 5.0x10七- \ -
5 4.5x10石- \ -
t 4 . 0 x 1 \ ： 
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Q \ -
^ 3.0x10名- -
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1 1-0x10^- \ -
I - \ 
5.0x10-7- • _ _ _ _ _ 〜 _ _ _ 
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Figure 5.13 The leakage current density of a 420nm-thick SrTiOs film as a function 
of annealing temperature, measured at an applied electric field of lOOkV/cm. 
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Typical results are shown in Fig. 5.13, in terms of the leakage current density of 
a 420nm-thick f i lm as a function of annealing temperature. The leakage current 
density decreases with increasing annealing temperatures. Such reduction in the 
leakage current density with increasing temperature may be attributed to the 
^ ry 
improved crystallinity. Typical leakage current densities are lower than 10' A/cm at 
an applied electric field of lOOkV/cm for the films annealed in the range of 
450°C-650°C for 2min. 
An understanding of the mechanism of nonlinear conductivity in thin f i lm 
insulators is pertinent to the development of thin fi lm devices for microelectronics. 
The field-dependent dc conductivity is typically scrutinized through measurement of 
the I-V characteristics in M I M capacitors. The low-field properties are usually ohmic 
in nature, that is, current I values linearly with voltage V. At high fields the films 
normally exhibit nonlinear I-V relationship. Their nonohmic behavior can be 
expressed by the empirical power law I = yV^. Generally, the high field 
characteristics cannot be adequately described by a single conduction process; 
usually the different field strength ranges manifest different conduction phenomena. 
Fig. 5.14 shows the I-V characteristics of different films as a function of electric 
field of annealed at 650''C for 2min. The leakage current density of the films is quite 
A O 
small, which is below 2x10' A/cm in the applied electric below lOOkV/cm. 
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Figure 5.14 The I -V characteristics of different SrTiOs films thickness versus the 
electric field. 
A possible dominant conduction mechanism at high fields may be (a) 
space-charge-limited conduction, (b) Poole-Frenkel effect, (c) Schottky barrier 
emission, and (d) direct tunneling. As the thickness of the films is above lOOnm, the 
tunneling process is ruled out. I f the non-ohmic conduction is due to the 
Poole-Frenkel effect or Schottky barrier emission then we should attain a straight 
line in log I versus 
厂1^2 plot, which is obviously not valid in the present case, as 
demonstrated by Fig. 5.15. 
95 
Chapter 5 Electrical Characterization of STO Thin Films 
10-7 1 , 
s 。 乂 
(D J r 
B 1 0 、 Z 。 z 
1 0 , • • 
1 1 1 1 1 1 ‘ 1 ‘ 1 “ I ‘ 1 ‘ 1 ‘ 
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
F > o l t i z 2 ) 
Figure 5.15 I-V characteristics plotted as log / versus 厂"2 x h e nonlinearity indicates 
the absence of the Poole-Frenkel effect or Schottky barrier emission. 
So the conduction mechanism at high fields is plausibly believed to be 
spac-charge-limited-current (SCLC) conduction. Fig. 5.16 shows the log / as a 
function of log F curve for a 480nm-thick SrTiOs fi lm annealed at 650°C. According 
to this plot, it is intuitively thought that there are likely three fragments in the curve. 
In the first region, the slope is 0.84, which is close to 1. It obviously corresponds to 
the ohmic region, as expected from the theory of SCLC conduction. According to the 
SCLC theory, this ohmic behavior occurs in an insulating film as long as the bulk 
generated current in the film exceeds the current due to the injected free carriers from 
the electrode. The I-V dependence in the ohmic region is given by: 
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I = (5.6) 
a 
where q is the elemental charge, d is the f i lm thickness, n is the concentration of 
charge carriers, ！i is the mobility, and A is the area of the electrode. 
In the middle region, an enhanced voltage dependence appears. The slope in this 
region is about 2.1, which is in reasonable agreement with the equation showed in 
the figure. This observation indicates the predominance of the 
space-charge-limited-current conduction. According to the SCLC theory, as the bias 
voltage increases, a strong injection of the charge carriers in the bulk of the f i lm 
takes place. The space-charge effects takes place when the injected free carrier 
density exceeds the volume generated free carrier density. The space-charge-limited 
current in a trap free insulator is given by: 
/ 二 (5.7) 
where is the dielectric constant of the fi lm and £ o is the permittivity of free 
space. In the presence of single shallow trapping level, Eq. 5.7 is replaced by: 
/ = 奪 " f 〜 2 (5.8) 
where Q is the ratio of the free electron density and the density of the filled trapping 
sites[5.15]. This square-law governed region should be followed by a second 
square-law reined region corresponding to a trap-limited space-charge conduction or 
trap-filled limit (TEL) conduction which is mentioned in Chapter one. This is 
ascribed to very strong injection of charge carriers at higher fields. I f a sufficient 
amount of charge is injected into the insulator, all the traps wil l become filled in. 
Further injected charge then behaves as free charge in the conduction band and 
contributes to the current. However there is no apparent trap filled limit in the present 
case. In the last region, the slope in this very high field region is about 5.2, implying 
the onset of electric breakdown. 
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Figure 5.16 log (/) vs log( I') curve for a 480nni-ihick SrTiO、films annealed at 650"C 
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CHAPTER 6 EFFECT OF NIOBIUM DOPING ON THE 
STO THIN FILMS 
It is know that oxygen vacancy or impurity doping (eg. Nb or La) can alter the 
electrical conductivity in bulk STO single crystals [6.1, 6.2]. Besides the single 
crystal, the electrical conductivity of STO films can be modified by an ambient 
oxygen partial pressure during measurement at 700-1100oC [6.3]. Variation of the 
electrical conductivity of thin films fabricated by pulse laser deposition is reported 
by introducing Nb doping species [6.4]. However, there has been no prior report on 
Nb doping in STO thin films by the sol-gel technique, particularly on the structural 
properties and electrical conduction. In this section, Nb-doped STO films fabricated 
by the sol-gel technique wil l be discussed. The fabrication procedure has been 
discussed in chapter 2. Their structural and electrical properties with varying Nb 
dopant concentration wi l l be studied. For the case of bulk STO single crystals, a Nb 
concentration of 1 mol % is the limit in solid solution. However, for the films, much 
more Nb concentration can probably be gained in a STO crystal structure than into 
bulks because of their metastable nature [6.4], 
The chemical composition of SrTii.xNbxOs-z thin fi lm is characterized by XPS 
measurements. It is because RBS cannot resolve the Sr and Nb peak, since their 
atomic mass is very close (see Fig. 6.1). Table 6.1 shows the composition ratio of six 
samples with different doping concentration (x = 0, 25, 50, 75, 100 mol %), annealed 
at 650°C on SiO^/Si substrate. The atomic percentage of Sr, Ti, Nb and O are 
acquired by the narrow scan at the Sr3d, Ti2p, Nb3d and 01s peaks. According to the 
XPS spectra, the composition ratio of the films is different from that in the precursor 
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solutions. A l l of the samples indicate that there is a certain deficiency of Sr. 
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Figure 6.1 RBS spectra of Nb doped SrTiOs f i lm annealed at 650。C on bare Si(lOO) 
substrate. 
Table 6.1 Differences between f i lm composition and solution composition. 
. \ % I 
I Solution composition ! Film composition 
j (measured by XPS) 
！ Sample 1 Sr ! Ti ！ Nb Sr | Ti Nb 
Sample 2 1 | 1 0 0.85 | 1 0 
I Sample 3 厂 1 I 0.75 丨 0.25 | 0.88 0.66 0.34 
I Sample 4 | 1 丨 0.5 f 0.5 •{ 0.98 0.39 0,61 
I Sample 5 I 1 「 0 . 2 5 I 0.75 I 0.95 0.13 0.87 
5 I 务 « ( ... . f ；: :::--.: 
I Sample 6 i 1 | 0 | 1 | 0.87 0 1 
、 、 ^ \ ^ w T ^ w «，-、: ？ ^ 絶K，jl ^ ' " s ~ - " 
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Figure 6.2 XRD patterns of SrTii.xNbxOs-z films annealed at 650。C by the 
layer-by-layer annealing method on SiOs/Si substrate. Nb concentrations x are equal 
to 0, 34,61, 87 and 100 mol %. 
Fig. 6.2 shows the XRD patterns of SrTii.xNbxOs-z films annealed at 650°C on 
SiOi/Si substrate with different Nb doping concentrations. It exhibits a preferential 
(110) orientation without any impurity phase such as Nb203, TiOi or NbsTiO； in the 
whole range of the Nb doped concentration x. By increasing x, the (111) peak 
decreases and almost disappears when x = 100 mol%. Moreover, as x increases, the 
2-theta values of (110), (200), and (211) peak positions decrease (left shift), implying 
that the lattice constant a increases from 0.3904 to 0.3959nm. Lattice constant of the 
undoped STO film (a = 0.3904) is consistent with that of the bulk STO single crystal 
(a= 0.3905nm). 
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Fig. 6.3 shows the lattice constant of the films as a function of the mole 
concentration. This result indicates that the lattice constant gradually increases in the 
whole range of x. The larger unit cell o f the Nb doped STO thin f i lm may result from 
the expanded cell edge due to the substitution of Ti4+ (0.061nm) by Ti^^ (0.067nm), 
Nb5+ (0.064nm), and Nb4+ (0.068nm) while satisfying a charge neutrality condition 
6.5]. According to this explanation, all the Ti4+ ions are replaced by 励斗十 in the 
Sri.yNbOs (SNO) (x = 100mol%) film, and the lattice constant of the SNO fi lm can 
be presumed to be 0.0055nm longer than that of the undoped STO film. Indeed, the 
lattice constant of the Sro.gNbOs is found 0.092nm longer than that of the undoped 
STO [6.6], and this value is bigger than the present one for Sri.yNbOs (SNO) 
(x=100mol%) film. Also a bulk Sri.yNbOs (0.05 < y < 0.3) has a cubic perovskite 
structure and it cannot be synthesized as a single phase ceramic in the range of y < 
0.05 [6.7，6.8]. Therefore, it is suggested that the Nb-doped STO films have 
vacancies at Sr sites under the present growth condition and the solid solution is 
successfully formed between STO and SNO. This conclusion is drawn because the 
lattice constant of the films varies smoothly with the change of the Nb doped 
concentration x. 
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Figure 6.3 The lattice constant a versus Nb doping concentration x in the 
Sri.^Tii.xNbxOs-z thin films. 
Fig. 6.4 and 6.5 shows the XRD patterns of Sro.88Tio.66Nbo.3403.z and 
Sro.95Tio.i3Nbo.8603-z thin films, respectively. The films are deposited on SiOi/Si 
substrate using the layer-by-layer annealing method at annealing temperatures 
ranging from 650°C to SSO '^C. The film thickness is about 80nm. As the annealing 
temperature is increased the peaks in the XRD pattern become sharper and the full 
width at half-maximum (FWHM) decreases, indicating a better crystallinity and a 
larger grain size. Meanwhile, it is clearly seen that the (110) peaks are predominant 
in the whole annealing temperature range. 
104 
Chapter 6 Effect of Niobium Doping on The STO Thin Films 
- I ( ) Sro.88Tio.66Nbo.3403.z 
Xfl 
I • 
^ - (200) 
S : 卯 ） 
i ： (I 
S • ？ (111) 。 
B - M � ) 850�C / 
I • ！! A, 
cd I I A 
遼 . - 一 J r " ^ ^ ^ J L 」 」 [ ^ 
‘： j [ A 八 650°C 八 
1 1 1 1 ‘ 1 ‘ 
20 30 40 50 60 
2-Theta-Scale 
Figure 6.4 XRD spectra of Sro.88Tio.66Nbo.3403-z thin films deposited on SiOs/Si 
substrate using the layer-by-layer annealing method at different temperatures. 
Next, we describe electrical characterization. All the Nb doped STO films on 
Si02 substrate are not conductive. The resistivity of all Nb doped samples are greater 
than 1x10)6 Q cm. This result is quite unexpected. It is because Nb doped STO film 
wil l change from semi-conductive to metallic behavior as the doping concentration 
increase [6.4]. The reasons for such a high resistivity is still not clear yet. Fig. 6.6 
shows the / -F characteristics of SrTiCb films with different Nb doping concentration 
based M IM structure at room temperatures. For the sample with Nb doping 
concentration x = 87 mol%, current 1 various linearly with voltage V. However, we 
are not sure this observation is due to this sample change to conductive or break 
down after deposited on Pt/Ti/SiCb/Si substrate. 
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Figure 6.5 XRD spectra of Sro.psTio.isNbo.geOs-z thin films deposited on SiOz/Si 
substrate using the layer-by-layer annealing method at different temperatures. 
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Figure 6.6 The I-V characteristics of SrTiOs films with different Nb doping 
concentrations x based M I M structure at room temperature. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
A novel route to synthesize high quality SrTiOa thin films has been developed 
by using the sol-gel technique. Preferentially (110) oriented SrTiOs thin films have 
been successfully prepared by the layer-by-layer annealing method at annealing 
temperatures ranging from 450。C to 650°C. It is for the first time to synthesize 
polycrystalline SrTiOs thin films on platinized silicon substrate at a temperature as 
low as 450°C. Because of the cubic perovskite structure in high isotropic nature, 
preferential orientation of STO thin films is arduous to manoeuvre by the 
layer-by-layer annealing method. 
Selection of a proper precusor solution for fi lm synthesis is accomplished by 
carefully examing the Ti(0C4H9)4-Sr(N03)2-C2H50H-H20 hierarchy. 
Chemical composition of SrTiOs thin films is characterized by RBS and XPS. It 
is found that the synthesized SrTiOs thin films are approximately stoichiometric. 
There is a difference in the oxygen composition determined by RBS and XPS. Also 
there exists a slight deficiency of oxygen near the interface of the STO films and Pt 
layer. 
The fi lm thickness measured by RBS is consistent with that obtained by TEM 
and a - step profiler. This implies that the experimental results obtained by RBS are 
sufficiently accurate and the density of the SrTiOs thin films is very close to the bulk 
density. 
Structural analyses and comparison of the films fabricated by the conventional 
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annealing and the layer-by-layer annealing have been made on silicon and platinized 
silicon substrates. It is found that the fi lm crystallinity on platinized silicon substrate 
has been significantly improved. 
The interfacial "dead layer" approach has been used for scrutinizing electric 
properties of the films. It is plausibly convincing for describing the dependence of 
electrical properties on the fi lm thickness, such as the dielectric constant increase 
with the fi lm thickness. 
Characteristics of electronic transport properties are investigated using the M I M 
6 2 
configuration. Typical leakage current densities are lower than 2x10' A/cm at an 
applied electric field of lOOkV/cm for the films annealed in the range from 450°C to 
650°C for 2min. The dominant conduction mechanism is proposed to be the 
space-charge-limited-current conduction. 
Niobium doped STO thin films (Nb, 0 < x < 100 mol%) have been prepared on 
silicon dioxide/silicon and platinized silicon substrates using the sol-gel technique. 
Solid-solution films are formed between STO and SrNbCb without any impurity 
phases. However, the resistivity of all Nb doped samples are greater than 1x10^ Q cm, 
much larger than the expected value. 
The STO thin films fabricated by this modified metalorganic decomposition 
technique are potentially applicable to develop high density random access memories 
(DRAMs). 
7.2 Future work 
1. From the present study, it is found that the fabricated STO thin films always 
show (110) preferential orientation either on silicon dioxide/silicon or platinized 
silicon substrates. This means that the film orientation is arduous to manoeuvre 
110 
Chapter 7 Conclusions and Future Work 
only by employing the layer-by-layer annealing method. In order to control the 
f i lm orientation，different seed layers may be introduced in the sol-gel process. 
Orientation variation of each layer wi l l be desirably observed by high resolution 
cross-section TEM (XTEM). 
2. It is found that the electrical conductivity of STO films can be altered by 
introducing Nb dopants fabricated by pulse laser deposition. However, the Nb 
doped STO thin films synthesized by sol-gel technique are not electrically 
conductive. The origin of this observation is of scientific and technological 
interest. 
3. Once the electrically conductive Nb doped STO thin films can be synthesized by 
the sol-gel technique, the structural, compositional, electric, and magnetic 
properties of the films can be further studied. 
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Preparation of Cross-sectional TEM Specimen 
1. Cut rectangular wafers - carefully cut four pieces from the sample each with a 
dimension of at least 3mmx 1mm. 
1mm 
Thin fi lm ^ _ ^ 
Z 3 mm 
Substrate 
Figure 1 Cutting 4 pieces of slat from a sample. 
2. Glueing the specimen - cleaning both the top and bottom surface of the four 
pieces with isopropanol alcohol (IPA) and glue them together with epoxy as 
illustrated in the Fig. 2.9. The surface or interface of interest should be located 
face to face in positions 2 and 3 in the middle of the stack. Make sure that the 




Thin f i lm 
Coat specimen 
surface with e p o x y ^ O / \ 
M^tya^ 
1 2 3 4 
y / / / 
Substrate 
Figure 2 Gluing the specimen. 
3. Pressing to bond the specimen stack - A spring loaded vise is used to bond the 
specimen stack together and the stack is cured under pressure for 45 minutes at 
100°C on a hot plate to obtain a strong bond with minimum glue thickness. When 
the curing process is complete, the assembly is cooled to room temperature. 
7 1 Specimen stack 
_ _ - - ^ ^^ 霞目, 
I , ^ / 
Spring load vise X 
Figure 3 Pressing to bond the specimen stack. 
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4. Fixing the specimen stack on the sample holder —The sample is heated up to 
about 60'^ C to melt the wax. Then the specimen stack is stuck on the sample 
holder with wax and then the sample holder is cooled down. 
wax 
^ 
Figure 4 Fixing the specimen stack on the sample holder. 
5. Polishing the specimen - The sample holder is screwed on the polishing tools. 
The specimen is polished carefully with different polishing carbon papers from 
GRIT No. 400 to 4000 in a high rotating speed of the polishing machine. Then 
the specimen is finely thinned with different diamond-papers of grit size from 3 




/ ： \ , 
Rotating I 
I 丨饭：：箱丨g择：驳;ij 
I ^ Sample holder Polishing 
I ! I ^ Specimen / paper 
i 
^ s M U i i i i i i i i i ^ 
Rotating .‘…-一一.….j ] 
^ [ 
I 
Figure 5 Polishing the specimen. 
6. Gluing the specimen with copper ring -The sample holder is screwed off and 
cleaned with IPA. A 3 mm copper ring is glued on top of the specimen with epoxy. 
Make sure the interface of the two face to face samples is in the center of the hole 
of the copper ring. The sample holder is heated up to at 100°C for 45mintes to 
dry the epoxy. 
Copper 
^ 
Figure 6 Gluing the specimen with copper ring 
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7. Polishing another side of the specimen - The specimen with the copper ring is 
turned up side down on the top of the melting wax and the step 5 is repeated until 
the thickness of the specimen reaches around 15/zm. This can be estimated when 
a red transparent light is seen through the sample facing a light source. 
Red transparent light 
y ^ ^ Copper 會 
[ [ [ [ ^ ring I Copper ring 
广 3 ^ ^ ^ ^ ^ _ / 
U Light 
Figure 7 Polishing another side of the specimen. 
8. Specimen milling by focused Ion Beam - The specimen is cleaned with IPA after 
the wax is melted. The polished specimen with the copper ring is loaded into the 
ion-milling machine (PIPS). The specimen is thinned down with the ion milling 
conditions of an extraction voltage at 5keV and a beam current of 38 - 4 0 / / A . In 
order to obtain a large area with thickness less than 30-40nm, a small angle of 
between the argon ion beam and the specimen is chosen. The ion milling process 
proceeds until a small hole appears in the center of the specimen. 
Hole 
Figure 8 Specimen milling by focused Ion Beam. 
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